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Abstract
          This dissertation examines the role of lighting in commercial  buildings, by
investigating the impact of natural and artificial lighting on the indoor environmental
quality.  The  relationship  between  daylighting  potential  and  energy  savings  in  the
commercial  sector  is  explored,  since  commercial  buildings  are  big  lighting  energy
consumers  and  the  exploitation  of  natural  lighting  could  contribute  to  energy  use
efficiency. Previous studies have shown that daylighting systems reduce remarkably the
energy use, while the combination of systems has even more beneficial effects. This
study has two goals: 1) to present prior researches’ results and existing technologies
linked  to  energy  savings  due  to  daylight  exploitation  and  2)  to  suggest  different
shadings’ design proposals for an existing office space and evaluate the energy loads
and  indoor  conditions.  The  broad  research  in  literature  concerning  experimental
approaches, case studies and grounded theory formed the base for the research strategy.
A thorough assessment of the indoor environmental quality conditions in an existing
office  space  has  been  conducted,  including  measurements  and  simulation.  Having
employed modeling and simulation software, two shadings’ configurations were tested
to illustrate the various effects on energy use. The findings from the research showed
that even with quite easy to apply methods, it is feasible to achieve energy use reduction
and  better  comfort  conditions.  The  results  address  a  controversial  belief  among
practitioners  that  horizontal  louvers  are  the  optimum solution  for  southern  façades.
Single lightshelf integration with the curtain wall could offer higher energy savings. The
findings  of  the  study are  dependable  on  the  space’s  characteristics  and  the  electric
lighting’s equipment. A re-thinking of the role of lighting in commercial buildings is
prompted, offering insights into existing building stock’s refurbishment, including the
configuration of shadings that aim at the reduction of energy loads. It has been learnt
that the assessment of indoor environmental quality is influenced by multiple factors
and the control  of only optical  comfort,  even though it  could minimize  the lighting
energy consumption, it could simultaneously burden the rest of the comfort conditions.
Elena Boutsivari
30 November 2015
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1 Introduction
1.1 Dissertation Purpose & Aims
         Focusing on the big picture, numerous design community initiatives and norms
promote making changes to the building’s construction shell, through which integrated
efficiency is gained on the larger scale. It is generally accepted that lighting constitutes
a substantial portion of the energy consumed in buildings, when energy conservation is
the  target.  Both  architectural  and  engineering  considerations  along  with  “green”
products should be taken into account when designing and constructing a sustainable
building. Lighting in buildings is a major consumer in terms of energy for the non-
residential, and mainly for the commercial, uses. Energy conservation and sustainability
is desired without sacrificing either design or performance. In other words, the effort
towards  energy  efficiency  should  not  set  aside  occupants’  preferences  and  comfort
conditions. The combination of architectural design and lighting techniques could create
very appealing new opportunities regarding the energy savings, by means of reducing
the load, increasing the efficiency and developing the renewable energy sources as more
environmentally  friendly  sources  of  energy  (Moffat,  2006,  p.19-21).  The  public  is
increasingly  concerned  about  these  subjects,  thus  providing  proper  education  and
awareness on these matters would help to realize that responsibility is not an external
parameter, but on the contrary it is the leading one.
          The purpose of this paper is to examine the term “high-quality, energy-efficient
lighting”, by offering the proper combination of selected technologies, systems’ design
and layout.  In short,  the term describes a lighting system that minimizes the energy
consumption  and maintenance  costs,  while  meeting  the  desired  aesthetic  and visual
comfort requirements. The role of lighting in commercial buildings will be examined,
by investigating the impact of natural and artificial lighting on the indoor environmental
quality.  It  is  intended  to  explore  the  relationship  between  daylighting  potential  and
energy savings in the commercial sector, considering the fact that commercial buildings
are  big  lighting  energy  consumers  and  the  exploitation  of  natural  lighting  could
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contribute to energy use efficiency.  This  study is  important,  because it  aims at  two
things. The first goal is to present the results of prior researches, as well as to introduce
and describe the existing technologies that offer energy savings by exploiting daylight.
The second goal is to propose different shadings’ design configurations for a specific
existing office space and evaluate the effects on the energy loads and indoor conditions,
resulting in general conclusions.
1.2 Innovation & Thesis Structure
          It is a fact that a building’s interior lighting system, not only affects the physical
and  emotional  well-being  of  the  occupants,  but  also  consumes  large  amounts  of
electrical energy and produces high internal heat loads that lead to increased demand for
cooling. Therefore, this dissertation aims to analyze this subject through both literature
and  real-case  approaches  and  to  evaluate  the  effect  of  daylight  exploitation  on  the
indoor  environmental  quality  and  lighting  conditions.  It  is  expected  to  propose  a
methodology  that  would  describe  the  retrofitting  of  commercial  spaces  leading  to
energy savings through the installation of passive solar shading systems.
          Concerning the structure of the thesis, the following chapter reviews the literature
on the energy efficient lighting. After the specification of the research subject, the main
body of the review includes the definition of basic terms and other research studies’
remarks  on  how  improved  energy  efficiency  may  be  achieved  and  how  energy
conservation can be integrated into the design concept. Moreover, additional topics are
new lamps and lighting professionals, control systems, occupants’ behavior, daylighting
and metrics, artificial lighting, computer simulation and new techniques.
          The third chapter comments on the energy efficiency and conservation in lighting,
while  the  fourth  chapter  presents  selected  studies’  arguments  and  findings  on
daylighting  systems  and  control  strategies,  referring  to  both  natural  and  artificial
lighting.
          The fifth chapter introduces the case study of an existing office building space. In
situ measurements were conducted for the assessment of indoor environmental quality
and optical comfort  and, by simulation means,  two shadings’ design proposals were
tested with respect to the lighting energy savings that could be achieved. Furthermore,
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the analyses’ results on the simulated existing case and design proposals as calculated
by the  software  were  presented  and analyzed,  according to  the  thermal  and optical
comfort conditions.
          The sixth chapter is the discussion of the case study’s results. It indicates general
remarks  about  the  findings  and  cites  the  arguments  that  provided  the  necessary
guidelines for the study.  Afterwards,  the comparison of the results  of each proposal
outlines the general findings regarding the energy savings and comfort conditions linked
to different shading systems.
          Last but not least, the seventh chapter lists the conclusions deriving from the
methodology that was followed and from the findings of the case study, prompting also
issues and subjects for further study and future work.
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2 Literature Review
2.1 Specification of the Subject
          Significant efforts are being made to increase the energy savings from electricity
in the field of lighting. The most broadly followed approaches towards this direction are
the installation of lighting control systems and the replacement of old light sources with
new and more efficient ones. Commercial lighting systems make use of 19% of the total
electricity that is generated and 30% of the overall energy consumed in office buildings.
Taking  as  granted  the  accelerating  promotion  of  energy saving methods  as  well  as
economic issues, various initiatives have led to the appearance of new light sources,
systems for the lighting control and the exploitation of daylight. The entry of LEDs in
the office buildings is proven to be a more viable suggestion, concerning the fact that
the respective products have a lighting efficacy that exceeds 100lm/W and they become
constantly more widespread in the market (Albu et al, 2013, p.740). As various studies
have shown, using lighting control systems, along with the contribution of daylight, lead
to important energy savings. In a case of free-plan offices, a reduction of 35% has been
noted in the energy consumption if only occupancy sensors were used, 20% if light
sensors  were  used  and 11% for  individual  dimming.  A much  higher  reduction  was
recorded, reaching 65-70%, when all three control types were used.
2.2 Review
          It is generally accepted that light does not only affect the visual responses but also
the  non-visual  ones,  meaning  performance,  mood,  alertness  and,  taking  into
consideration  the  duration,  intensity  and  spectral  power  distribution  of  light,  the
biological  clock can  be  disrupted  and lead  to  health  problems.  A study carried  out
through  a  series  of  measurements  in  a  University’s  classroom  commented  on  this
impact that daylight and electric light have on the human circadian rhythm. It has been
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noted that both indoor and outdoor materials absorb light in the sort wavelengths, but
they  reflect  it  in  the  medium  or  long  wavelengths  (Bellia  et  al,  2013,  p.64).
Furthermore, the largest part of light that reaches the eyes derives from the surfaces that
are placed indoors, hence designing and organizing the interior surfaces properly can be
beneficial for the circadian efficacy; the selection of the material and color of a surface
is not only linked to  aesthetics,  but also to the occupant’s wellbeing.  In addition,  a
different study concluded that the color type of windows’ glasses is also able to affect
the performance of the users.
          The basic terms that are related to energy efficiency in lighting will be described
as an introductory part of the literature review regarding the subject. The spectrum of
light that is visible to the human eye ranges from violet to red (400-700 nm). In the case
of a light source, the luminous efficacy (lm/W) expresses the light power output, as it is
perceived by the human eye and measured in lumens, relative to the electrical power
input, measured in watts. The human reaction to light and lighting regarding the visual
ability, comfort and efficiency is fundamental and it influences both the psychological
profile and performance of the occupant (Loe, 2009, p.211). Luminous flux (lumen, lm)
is the measure of the perceived power of light, or more precisely it is the power of light
that  passes  through  a  conceivable  surface  by  time,  if  measured  according  to  the
luminous impression that is created. Luminous intensity (candela, cd) is the luminous
flux that  is  emitted from the light  source per unit  solid angle and it  is  a  numerical
characteristic of the light source for a particular direction. Illuminance (lux, lx) is the
total luminous flux that is incident on a surface per unit area. Luminance (candela/sq.m,
cd/m²) is the luminous intensity of a light source per unit area towards a given direction,
or in other words, it is the amount of light that passes through, is emitted of is reflected
from a specific area and falls within a given solid angle.
          In order to clarify how improved energy efficiency in lighting may be achieved
the chain from the electricity supply until the illumination required for a particular use
has to be examined. Nevertheless, the lighting energy efficiency will be defined by the
number of the consumed units of electricity in relation to time, reaching the desired
lighting performance (Loe, 2009, p.210). A high-quality and energy efficient lighting
system has to balance many design parameters so as to meet the desired visual needs
and  reduce  the  energy use  at  the  same  time.  These  parameters  usually  include  the
horizontal and vertical levels of illuminance, the suitable wall and ceiling brightness,
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the proper tone of the lighting, the optical control for glare, the fixture spacing, controls
and  daylight  integration  (Vrabel,  2003).  The  above  mentioned  factors  have  to  be
combined appropriately in accordance with a design plan, without excessive number of
fixtures  or  too  dense  spacing,  to  result  in  a  successful  lighting  system  that  would
minimize the consumed watts per square meter. In more detail,  examples that satisfy
these  criteria  include  the  installation  of  direct  or  indirect  fixtures  in  parallel  to  the
windows to exploit the daylight dimming and the use of ambient and task lighting that
cover the general circulation needs and additional requirements. It is obvious that the
target  can  be  reached  with  even quite  easy  to  apply  methods,  as  long as  there  are
controls and the proper concern from the occupants, who realize that the high-quality
and energy efficient lighting can improve their productivity and offer a comfortable and
creative work environment.
          Even though lighting energy efficiency is considered now an important, if not a
necessary, parameter in the lighting design process, there is no quantification system in
use  that  could  integrate  all  the  aspects  that  affect  the  overall  efficiency  of  the
installation, taking also into account time. Moreover, the energy efficiency has to be in
balance with the quality of lighting in a particular application, satisfying the users and
highlighting  the  architecture,  without  endangering  users’  safety  or  reducing  their
productivity (Loe, 2003, p.219). According to Loe, various components affect the total
lighting energy use per year including the lighting equipment, the lighting installation
design (task) and the artificial lighting use, in relation to the daylight availability, the
user’s presence and the existence of controls. Enabling the users to adjust the lighting to
meet their own requirements and comfort could possibly offer added economic benefits,
because of the improved productivity.  This refers to the fact that benefits  do appear
when daylight is exploited at most and the use of electric lighting is avoided or reduced
when it  is  not  needed.  Another  case that  is  difficult  to  fully  determine  in  terms  of
countable savings is an integrated case. To set an example, when combining daylight
linked controls with occupancy controls, it is not clear where the individual savings stop
and the overlap begins.  If  there  is  enough daylight  which causes  the corresponding
controls to turn lights off, then, even if there is no presence in the room, the savings
from the occupancy related controls are ambiguous.
          Nevertheless, a remarkable approach that should be adopted is to offer the
designer and the client the degree of freedom to alter parts of the equation, without
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misbalancing  the  design  aesthetics  and  comfort  conditions.  Lighting  should  not  be
compromised to meet the energy efficiency requirements. Furthermore, it is feasible to
have a lighting installation which is both visually satisfactory and energy efficient on
the same time, having higher capital costs but lower overall lifecycle costs (Loe, 2003,
p.326). This is also a parameter that should be taken into consideration in the average
life of a lighting system, which usually exceeds ten years.
          An example of how energy conservation can be integrated into the design concept
is cited, in order to promote the fact that it is both a feasible and realistic practice. It is
widely  accepted  that  “going  green”  is  becoming  more  and  more  popular  among
businesses and buildings, since companies are trying to find ways of reducing both the
energy consumption and the waste outcomes on a daily basis. One of the smartest ways
towards  energy  conservation  is  to  reduce  the  daily  lighting  load  of  an  office  or
commercial building. Bickford describes the case of Chicago’s Merchandise Mart, a 25-
storey building that extends into two city blocks and includes ten floors of office spaces,
eleven floors of permanent exhibition areas and other uses, which has a total gross area
of 4.2 million square feet. It is one the largest commercial buildings worldwide, hence
the  energy  usage  should  be  managed  properly  (Bickford,  2008,  p.59-60).  In  2007
Merchandise Mart attained a LEED – Existing Building Silver Certification, as part of
the Management’s  goal  to  promote  and apply environmentally  friendly practices.  In
order to acquire the certification, a plan for reducing the energy consumption and the
demonstration of at least 19% better energy performance than other buildings of the
same  category,  had  to  be  prepared.  The  typical  existing  showroom  in  the  facility
preserved a lighting power density (LPD) of about 4.5 watts per square foot, however
according  to  the  2006  International  Energy  Conservation  Code  (IECC),  new  and
renovated spaces have to keep LPD lower than 2.4 Watts per square foot. Taking these
lighting guidelines into consideration, a new high tech modern furniture showroom by
the name TG Couture, presented an impressive collection one year later. The goal of the
designers  was  to  come  up with  and implement  a  lighting  concept  for  the  furniture
showroom that would be consistent with Chicago's energy guidelines. Having studied
the offered space, the designers proposed a lighting system that would highlight the
furniture,  while  it  would  keep  low  levels  in  the  circulation  zones  around.  They
experimented with different light sources and how they interact with various materials,
observing  the  effect  on  the  color  and  texture  of  the  exhibits.  The  results  of  their
experiments showed that dimming was not required, since the quality of light could be
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managed with beam distribution, the use of lenses and focusing. The total area of the
showroom was 3,000 feet and, with proper design and construction, the resulted demand
was less than 1 watt per square foot, much lower than the IECC standards and one of
the best among the Merchandise Mart’s showrooms.
          During a symposium that was held entitled “Good lighting with less energy:
Possibilities for the future”, it was suggested that LEDs will constitute the major part of
artificial  lighting  sources  by  2035,  based  on predictions  (Richards  & Carter,  2009,
p.285).  Considering  the  sustainability  of  LEDs,  the  subject  of  whether  there  are
sufficient raw materials to cover this expected growth was posed and it became clear
that this is a constraint to appear in the upcoming years. This development will lead to
significant changes in both the production and usage of luminaries. An example of this
trend is the evolving technology of organic LEDs or OLEDs. It was discussed that even
though their laboratory efficacy exceeds 100lm/W, little information exists regarding
the actual life on this efficacy.
          The development of technology has brought to light various new lamps with
improved efficacy (lm/W), color performance and operation. However, the matter to be
solved is the persuasion of customers to choose using more CFLs (compact fluorescent
lamps).  According  to  the  manufacturers,  as  Loe  alleges,  the  energy  ratio  between
incandescent lamps and CFLs is around 5:1, meaning that the first provides 12 lumens/
watt while the latter 60 lumens/ watt, which leads to a significant saving of electricity
and an extended life of the lamp (Loe, 2009, p.211). The ratio though is perceived as an
almost 3:1. More drawbacks that detain CFLs from getting more widespread have to do
with their color appearance. It does not completely match the desired tones especially
for critical operations, even if it is very close. Other defects are linked to UV emissions,
mercury  content  and  non-smooth  distribution  of  light  of  CLFs,  compared  to
incandescent lamps.
          A paper of a group of researchers analyses the luminous and power quality of
different  types  of  office  lighting  sources,  at  their  nominal  illuminance  levels  and at
different dimming levels, in order to use the results for the establishment of the power
quality  effect  on  the  voltage  waveform in  the  case  of  an  office  building  electrical
installation  (Albu  et  al,  2013,  p.741).  When  examining  lighting  in  the  commercial
sector, it  is obvious that the major part derives from linear fluorescent lamps,  being
estimated around 77% of the total. Incandescent, compact fluorescent and HID (high-
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intensity discharge) lamps follow up. There is a general trend in the lighting industry
towards  the  disappearance  of  incandescent  lamps  and  the  promoting  of  compact
fluorescent lamps and LEDs. The existing situation regarding the office buildings is
characterized by almost exclusively the installation of fluorescent lamps, due to their
low cost  and high  light  output.  Concerning  the  fluorescent  lamps,  their  advantages
include the simplicity that the use of magnetic ballasts has, the low initial cost and the
high light output, while on the other hand they have various disadvantages such as the
high energy consumption,  the  low displacement  power factor  and the possibility  of
flicker.  Aiming  at  the  highest  possible  energy  savings  with  modern  lighting,  it  is
suggested to install light sources with dimmable electronic ballasts, daylighting control
systems and presence detectors.  By 2020 the LED penetration to the U.S. market  is
estimated  to  be  around  46%,  regarding  the  lighting  in  commercial,  industrial  and
outdoor uses, according to Pike Research Institute’s data from 2010.
          Respecting the luminous and power quality requirements for office buildings, as
determined in EN 12464-1:2011, the major part of office work activities should be done
under lighting conditions of 300-500 lx. Moreover, the unified glare rating (UGR) is set
to 16-25 and the color rendering index (CRI) of the lamps should exceed the value of
80.  The  electronic  equipment  that  is  used  in  office  buildings  demands  a  good  and
reliable power quality supply. In the meantime, this equipment can distort the voltage
supply in the installation, due to its non-linear attributes, thus it is important to maintain
satisfactory quality of power, since it affects both the equipment supplier and the final
user (Albu et al, 2013, 742). The conclusions derived from a relevant study mentioned
earlier, assessed different types of luminaries that are used in offices in terms of the
electric, luminous and power quality. It was drawn that if luminaries are not dimmed
meaning the luminous flux is 100%, the luminous efficacy of LEDs is higher than that
of  luminaries  with  tubular  fluorescent  lamps.  The  simulation  software  used  was
DIALux and MATLAB and it  was  shown that  different  dimming  technologies  can
affect  the  quality  of  the  network  power  in  different  ways.  The level  of  the  current
harmonic distortion is lower when light sources are dimmed. Furthermore, significant
energy savings can be achieved when lighting controls are used.
          Light is energy and for this reason light is a strategic environmental resource, as
stated  by  Loeffler.  When  it  comes  to  lighting  professionals,  despite  their  own
impression that their job is to provide advice for the visual environment, their actual
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duty  nowadays  is  to  act  as  energy  investment  advisors,  in  order  to  clarify  the
environmental and cost implications of different lighting installations to the interested
parties,  i.e.  architects  and owners  (Loeffler,  2007,  p.47).  This  change is  due  to  the
overall turn to sustainability, by making a step further from mere good-looks lighting to
a  better  functioning  building.  The  green  approach  emphasizes  on  the  resource
conservation, while as far as buildings are concerned the exact goal is the optimized
performance. Over the last years it has been observed that along with the green building
industry,  also  the  lighting  design  profession  has  been  increasingly  successful  and
popular.  Lighting  professionals  participate  as  collaborative  advisors  in  the  building
industry  and they  solve  problems  and  influence  the  respective  market  and services
according to their formula towards sustainability.  Lighting certainly is a complicated
industry, since it has to combine the aesthetics with the architectural integrity and the
technological  artifacts.  Having  added  the  energy  conservation  factor,  the  final
consumers and various environmental counselors take the ultimate decisions, like the
conversion  of  screw-based  lamps  from  incandescent  to  compact  fluorescent.  This
decision  can  reduce  the  power  plant  emissions,  lead  to  mercury-free  lamps  and,  in
general, prevent the light pollution. As Loeffler cites, the key to attach good design to
quality lighting systems is to have designers collaborating with other interested parties
such as clients, architects, engineers, manufacturers and construction managers.
          Since many years now people involved with lighting such as designers and
researchers claim that the lit condition of a space affects the behavior and performance
of the occupants. Various examples of “proper” lighting configurations have proved to
be  insufficient  to  satisfy  the  users,  having  them complaining  that  the  room looked
gloomy. Horizontal task illuminance combined with low reflectance at the wall finishes
results in limited light on the vertical surfaces, not a bright enough impression and an
overall unsuccessful result. One study has shown that in the case of a room lit by ceiling
mounted diffuser type fluorescent lamp luminaries, the occupants preferred twice the
amount  of  light  that  was  considered  necessary  from  visual  performance  tests.
Furthermore, other studies have shown that for most of the times the occupants prefer
not  only  a  bright  space,  but  also  something  to  arouse  their  interest,  such  as  the
intentional contrast of light and shade (Loe, 2009, p. 214). Last but not least it has been
observed that the users’ working conditions do improve somehow as a total, when the
lighting over the respective  task is  slightly higher  than that  proposed by the design
codes, usually even at 3:1 ratio.
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          Various daylight dimming control systems are not widely installed and used in
buildings, because the fluctuating levels of light cause quite often visual annoyance to
the  occupants.  Studies  have  shown  that  these  systems  have  a  high  energy-saving
potential,  however  there  has  not  been  done  a  thorough  investigation  regarding  the
human responses to the fluctuation of illuminance levels coming from artificial lighting
systems. It has been observed that the occupants’ visual perception has not yet been
examined at a satisfying extend, hence it remains a matter to be reconsidered so as for
the  daylight  dimming  control  technologies  to  become more  widespread.  A research
analyzed the users’ visual perception and also the way and extend it could be affected
by the fluctuation in the lighting levels (Kim & Kim, 2007, p.2889). A number of tests
conducted  on  the  research’s  participants  showed  that  the  absolute  amount  of  the
illuminance variation was not considered a discomfort for all cases, since it was the task
that made the difference; regarding desktop illuminance levels, the higher they were the
fewer complaints were made by the users. Moreover, the researchers concluded that the
task  illuminance  in  an  office  space  should  not  get  below 650lx,  when  the  lighting
system  is  integrated  with  automated  dimming  technologies,  since  below  this  value
discomfort  was  reported  by  the  occupants.  Feelings  of  eye  tiring,  distraction  and
difficulty in the visual ability were considered important indicators of visual discomfort
when lighting fluctuation was tested.
          A study has been conducted for further understanding of the occupants’ behavior
concerning the manual control of artificial lighting and shadings. Various measurements
were made including the illuminance of the workplane, the luminance at window area
and  deeper  in  space  and  the  transmitted  solar  radiation.  More  precisely,  the
measurements referred to eight office spaces with only one occupant each, located in
Porto, Portugal. Regarding the control of artificial lighting, it became obvious from the
findings that most of the users (91% of them) turned it on or off only when they had
arrived or left the room (Correia da Silva et al, 2013, p.167). Moreover, the decision
upon whether or not switching  on the lights when arriving at the office was determined
by the daylight  level,  meaning that in case daylight  was sufficient  the users did not
turned the lights on. However, two out of the eight participants of the research behaved
independently from the specific daylight conditions. As far as the control of shadings is
concerned, it was shown that the major part of the openings took place first thing in the
morning,  while  most  of  the  closings  occurred  in  the  evening,  at  the  time  of  the
departure. There was also a portion of more than 1/3 of the users (37% of them) that
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altered the state of the shadings even at intermediate times. Nevertheless, it  was not
recorded  as  usual  to  control  the  shadings  responding  to  sudden  variations  of  solar
radiation.  The authors claim that  considering the fact  that  the number  of specimens
(office spaces and their occupants) was small, however the benefits of the methodology
followed in the study are numerous, since in this way real buildings and habits can be
assessed  and  the  behavioral  patterns  can  be  described  according  to  the  various
environmental conditions.
          Another aspect of lighting installations that needs to be developed is how they are
controlled. It is a quite usual circumstance to waste energy while leaving the lights on
when there is no presence in the room or when there is still daylight that can cover the
lighting demands. Nowadays there is a wide range of control systems, including both
manually and automatically operated, however their lack of user-friendly settings holds
them back from getting widespread. The problem begins with people who neglect the
fact that they are responsible for managing their own lighting.  From the other hand,
with a lighting design that would be either task or surround oriented, various discomfort
conditions could be avoided, like switching particular luminaries that were supposed to
cover an individual’s area of work, while in fact they cover a broader area and turning
them off causes annoyance to other users.
          A paper dated in 1990 describes daylight prediction methods and analyses
lighting control  strategies  as well  as their  interaction  with daylight.  Considering the
daylight  illuminance  values  already  known  from  measurements,  the  researcher
presented briefly the existing forms of lighting control and the way they interact with
natural light, so as to estimate accurately the lighting use in daylit buildings (Littlefair,
1990,  p.45).  First  of  all,  photoelectric  controls  automatically  adjust  to  the changing
daylight  levels and they include two main types.  “On- off  control”  extinguishes the
lights when a control point interprets the daylight levels as having surpassed a defined
value and turns them on again when daylighting is not sufficient. The annual energy
savings can easily be estimated, however the “on- off control” is not highly attractive to
the occupants because of light fluctuations, when daylight levels are close to the set
benchmark. Regarding the “top up control”, it operates similarly to the previous control,
when daylight illuminance exceeds the benchmark, while for levels below this value,
the artificial lighting is also adjusted to maintain the desired illuminance levels. It can
lead  to  higher  energy  savings  and  it  can  be  less  distractive,  however  it  is  more
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expensive, more difficult to be installed and it is incompatible with some lamp types. As
far  as manual  controls  are  taken into account,  up to  the time that  the research  was
conducted there was no appropriate way of modeling the user’s switching behavior. The
main  assumptions  were  two:  either  the  lights  were  supposed  to  be  constantly
illuminated, or the user was supposed to switch them accordingly, acting like a control
system.
          Nowadays it is commonly acknowledged that the workplaces of knowledge
workers should facilitate rapid technological advancements and their implementation,
satisfying at the same time various work demands. Partial solutions to these approaches
have been the  teleworking,  the  open-plan  offices  and the  shared  workstations.  It  is
generally  accepted  that  features  of  the  surrounding  office  space  such  as  lighting,
temperature,  noise and presence of windows affect  significantly the attitude,  health,
satisfaction and performance of the users. The personal needs and preferences in an
open office workplace are rarely covered, excluding some adjustments e.g. the office
chair and computer settings. Furthermore, it has been noticed that even though various
beneficial  effects  that  the  control  of  environmental  conditions  has  can  be  found in
literature,  however  they  are  not  explicitly  examined.  In  order  to  define  the  design
characteristics,  it  is  crucial  to  gather  information  respecting  the  interaction  of  the
occupants with their office space and the way their performance and comfort are best
satisfied. A study aimed at the evaluation of the influence that pre-set environmental
temperature  and lighting conditions  have on the personal  users’ preferences  and the
respective consequences on their comfort and performance (de Korte et al, 2015, p.167).
Previous researches have shown that the sensation of thermal,  as well as sitting and
visual, comfort vary according to each occupant, defining individual comfort profiles.
As far as the findings are concerned, possibilities for energy savings and better comfort
conditions are presented. It is suggested that the preferred levels depend on the pre-set
settings  of  heating  power  and  illuminance;  hence,  a  newly  installed  system  with
personal  control  should  be  adjusted  at  low default  settings,  permitting  the  users  to
manage their preferences by increasing the values, contributing to an energy efficient
strategy.  In  other  words,  the  pre-set  values  defined  the  energy  use,  while  the
adjustments made afterwards enhanced the visual comfort.
          Lighting control models that operate under manual switching resulted from the
observation  of  behavioral  patterns  (Mardaljevic  et  al,  2009,  p.275).  Hence,  soon  it
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became clear that only the installation of occupant control systems would not lead to
high reduction in the energy consumption, because it was not rare to leave to the lights
switched on, even when there was enough daylight. For this reason the automated and
time switching controls, that made use of occupancy sensors and photoelectric control
of lighting, appeared and contributed more to the energy savings. It cannot be denied
that over the last decades both design and artificial lighting of non-domestic spaces have
altered  drastically,  taking  into  account  various  results  from occupancy  studies  and
surveys. Moreover, studies that were conducted after the occupancy of buildings have
shown that  in  the real  cases  the consumption  is  most  of the times  higher  than that
estimated during the design phase.
          A paper published around twenty years ago described the use of a Genetic
Algorithm (GA) whose adaptive features would enable the real-time prediction of the
daylight levels. The impulse for the respective research was given after the realization
that artificial intelligence has a high potential for exploitation in the built environment
and  also,  regarding  lighting,  in  order  to  control  electric  lighting  so  as  to  be  only
complementary to daylighting,  there is a need for constant knowledge of the natural
lighting levels in a defined space.  Even though the daylighting levels  can easily be
measured when the lights are turned off, however their determination is vague when
they are turned on (Coley & Crabb, 1997, p.81). Hence, the utilization of a Genetic
Algorithm  was  proposed  for  the  prediction  of  natural  horizontal  plane  illuminance
indoors, from illuminance measurements done outdoors, at an average distance from the
building. It is noted that high levels of daylight within a room do not guarantee artificial
lighting savings; concerning manually controlled systems, once the lights are turned on,
it is very rare to switch them off during the day, irrespective of the natural light levels
indoors. In the case of automatic photo-cell based controllers, it is considerably easy to
keep the lights off, when the levels of daylight are sufficient. On the contrary,  if the
electric lights are already illuminated,  it  is not clear when is the proper moment for
them to switch off, due to adequate natural lighting levels. Considering the results of the
research, when the artificial lights were illuminated, the controller would utilize a model
operating under a specific equation, which would estimate the daylight levels, and if the
predicted internal illuminance surpassed a threshold value defined by the users, then the
lights would be turned off.
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          A more recent paper presented an intelligent lighting control system that utilized
a  wireless  sensor  network  which  can  be  applied  to  newly-constructed  intelligent
buildings,  aiming  at  energy  efficient  and  comfortable  building  environment.  It  is
suggested  that  I-matrix  could  be  set  as  a  standard  for  high-quality  lighting  design,
taking into account new research approaches in lighting and human parameters. Over
the last years, wireless sensing devices that are integrated with lighting control systems
have become cheaper and easier to install. I-matrix is presented as a new concept that
stands out from previous simpler and more straightforward sensing strategies and allows
the  effective  feedback  of  data  circulating  around  the  lighting  environment  and  the
control systems. It provides the researchers and occupants with the proper means for
ergonomic  lighting  design  and  installation.  In  addition,  various  simulation  and
calculation  results  have  shown  that  I-matrix  is  by  30-60%  more  accurate  than  a
conventional control strategy (Gao et al, 2013, p.224). It is highlighted that concerning
lighting control, while for most of the times the control algorithm and performance are
treated with care, however some basic and critical issues are ignored, e.g. the definition
of the suitable variables for managing the system so as to range within certain limits and
the exact placement of the sensors, in order to obtain accurate results.
          Generally speaking daylighting is preferred better to artificial lighting by the
occupants. The presence of daylight can significantly improve the quality of lighting in
the space. Glare studies have shown that glare is more easily withstood from a daylight
source than from an artificial equivalent. Exploiting daylight is broadly mentioned as
“daylighting” (Cantin & Dubois, 2011, p.291). It is widely accepted that a great deal of
attention is attributed to the effort on providing well daylit spaces in the buildings, yet
the parameters that describe this desired outcome have not been totally defined, since
the illumination levels of daylight are changing all the time regarding the intensity and
the spatial distribution. The reason for this phenomenon is the interaction of the daylight
sources,  meaning  the  sun  and  the  sky,  with  the  given  geometry  and  physical
characteristics of the space and also with the external and internal context of the space
(Mardaljevic  et  al,  2009, p.261).  At this  point  it  would be useful to distinguish the
difference between the two components of daylight. Sunlight, which derives from the
Sun, comprises the direct and indirect sunlight and skylight, which comes from other
luminous sources in the sky, comprises the direct and indirect skylight. By definition,
sunlight is the portion of electromagnetic radiation emitted by the Sun and its spectrum
encompasses the infrared,  visible and ultraviolet  light.  The direct  sunlight is usually
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referred to as the overall direct light while the indirect sunlight and skylight, along with
the direct skylight are commonly mentioned as diffuse light.
          Daylight  is  the best  light  source available  concerning the color  rendering
properties, since its spectral power distribution (SPD) includes all the wavelengths of
the visible spectrum and also because the human eye has been used to daylight through
thousands of years. A remarkable attribute of light is its role in affecting the circadian
system,  which  is  linked  to  the  biological  processes  that  occur  in  the  human  body
repeatedly,  in  an  approximately  24hour  cycle.  It  is  accepted  that  the  appearance  of
electric light has led to the extensive exposure to light, even at times when the human
body is not supposed to receive it. This fact has affected the circadian rhythm to the
point  that  various  studies  have  shown  that  working  under  a  high  intensity  lamp
especially at night could cause health diseases. A different study conducted in Naples,
Italy,  has recorded daylight measurements in three differently oriented offices of the
same floor,  in  order  to  fully  investigate  daylight  characteristics.  Specific  equipment
(spectroradiometer and luxmeter) was used to acquire data of the sky’s luminance and
outdoor and indoor illuminance at desired levels (Bellia et al, 2014, p.56). Regarding
the results,  the research showed that  the spectral  distribution  of  daylight  that  enters
indoors  and reaches  the human  eye  is  not  strongly dependant  on the  sky’s  spectral
power distribution. Moreover, the light that reaches the eyes of a person who is working
at his desk in the office seems to be unaffected from the meteorological conditions and
the  environment’s  characteristics,  since  it  has  more  or  less  the  same  spectral
distribution.
          Concerning glare, a new indicator is proposed by a group of researchers referring
to the degree of eye opening (DEO) for sunny climates, when direct solar radiation is
present. It was shown that DEO satisfied the requirements for validity and reliability,
power and acceptability that concern an indicator and, additionally,  it  underlined the
weaknesses of the currently used glare prediction models. More precisely, the existing
glare indicators are determined by terms which are external to the observer, while the
relevant  study’s  goal is to organize interdependent  variables  that are inherent  to the
observer, meaning terms linked to physiological responses. The results showed that the
proposed  indicator  is  a  capable  tool  which  can  be  utilized  in  a  variety  of  lighting
environments (Garreton et al, 2015, p.149).
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          Handling daylight properly can create stimulating and dynamic interiors, it is
beneficial for human health and activities and it also contributes to energy savings. On
the contrary, improper manipulation can block the vision, cause discomfort and lead to
high energy consumption. It has been noted that rapid increases in the energy prices
around  the  early  1970s  and,  later  on,  power  shortages  that  occurred  in  2001  have
revitalized the interest in daylighting strategies (Leslie, 2003, p.381). It is obvious that
energy is not saved by daylighting per se; however important savings are done when
dimming  down or  turning off  artificial  lighting,  because  of  the  presence  of  natural
lighting. For example, the air conditioning requirements could be less, if the internal
cooling  load  from  lights  is  also  lower.  Due  to  technological  and  manufacturing
advancements, many new generation energy-efficient lighting systems have led to the
reduction  in  the  lighting  energy demand.  It  has  been observed that  newly  installed
lighting systems may require approximately 10W/m² power, hence now the potential for
high energy savings from daylighting is attenuated compared to the older case of less
efficient lighting devices. Concerning the building’s occupants, the strongest economic
aspect of exploiting daylight is the improved productivity and job satisfaction, as well
as the minimized absenteeism. People believe that environmentally friendly buildings
are  linked to  daylighting  and they  increasingly  prefer  to  have  natural  light  in  their
offices  through windows,  as  it  enhances  the  aesthetics  and vision.  Electric  lighting,
apart from the fact that it does not provide all the features that natural lighting does, it is
also  limited  by  various  codes  and  economics.  Furthermore,  a  study  dated  in  1999
commented on the relation between skylights and level of retail sales, resulting in the
possibility of even 40% increase in sales, in case of the presence of roof openings.
However, Leslie is not totally convinced about this deduction since the increase could
be attributed to other space features too. When it comes to how good daylighting can be
achieved,  a few basic principles should be taken into consideration.  First  of all,  the
configuration of the building should locate most of the occupants within the daylit zone,
which is around five meters deep from the openings. Elongating the building to the
East-West axis could help to avoid undesired heat gains during summer and maximize
the northern apertures for daylighting. Additionally, placing critical visual tasks close to
the  building’s  perimeter  is  recommended  and  permitting  daylight  to  enter  indoors
through multiple windows increases uniformity and equalizes the brightness.
          A paper of Krarti et al provided a simplified analysis method to be used as pre-
design tool for the evaluation of the potential of daylighting in order to consume less
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energy,  considering  also  the  use  artificial  lighting.  Various  commercial  building
geometries, window opening sizes and glazing types were examined for four different
locations  of  USA  and  it  was  shown  that  for  most  of  the  cases,  which  had  glass
transmittance values above 0.5 and increasing window to floor area ratio exceeding 0.5,
daylighting does not contribute remarkably to the lighting energy savings (Krarti et al,
2005, p.747). For the modeling needs and for the control of the parameters tested, the
window to wall area ratio was set to vary from 0 to 1, meaning from no openings at all
to  a  fully  glazed  surface,  and  only  four  types  of  glazing  with  different  light
transmittance  were  used.  It  became  obvious  that  there  is  a  strong  interdependency
between the various parameters. The increasing daylighting aperture, either by a greater
glazing  transmittance  or  by  a  greater  window  area,  offers  significant  daylighting
benefits, however when it exceeds 0.3 the energy savings are declining.
          Four years later another paper presented the refining of the previous research,
including dimming and daylighting controls. The predictions that were resulted from the
simplified  method were validated  by measurements  made at  an office  space,  which
utilized a daylight control system. The additional attribute of the more recent research
was  the  effort  to  extend  the  proposed  method  to  broader  area  limits  covering
international ground and to take into account the control of daylighting.  The former
research concluded in a formula that is composed of various parameters, such as the
visible  transmittance  of  the  glazing  and  the  window  to  floor  area  ratio,  which
determined  the  percent  of  savings  of  the  annual  use  of  electric  lighting  due  to  the
integration of daylighting controls. The simulation predictions that were made using the
formula agreed at a high extend with the measured data and the discrepancy concerning
the artificial lighting energy use savings was less than 4% for the examined period (Ihm
et al, 2009, p.514). The authors claim that the simplified calculation method serves its
purpose reliably and estimates the percent annual energy use savings that are related to
the electricity consumption for lighting,  integrating daylighting control systems. It is
noted  than  only  two coefficients  are  required  for  the  formula  and  they  are  mainly
determined by the building’s location. Furthermore, it was shown that the daylighting
control can lead to remarkable savings, especially in cases of spaces exposed to natural
light  through  their  entire  perimeter;  the  measurements  regarding  the  pre-mentioned
office  space  presented  annual  savings  up  to  60%.  The  researchers  allege  that  the
proposed method could be useful to the building professionals during the early stages of
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designing, since it would offer a quick assessment of the effect that daylighting has on
the reduction of electricity consumption, without complex computer simulations.
          In order to combine different factors so as to predict whether the performance
outcomes would be better  or worse and ultimately lead to decision making,  various
metrics are used. Metrics are mathematical combinations of measurements, dimensions
and conditions  that  are  represented  on a  continuous  scale  (Mardaljevic  et  al,  2009,
p.262). Their users apply them intuitively for most of the cases and they can also be
directly validated through measurements, which fact makes them a simple and easy to
understand tool. The most broadly used method for the daylight performance evaluation
is the Daylight Factor (DF) and it does not take into account the contribution from either
sunlight or skylight. It is a measure of relative illumination within a room compared to
that of a determined overcast sky condition. More precisely, the Daylight Factor is the
ratio of internal illuminance to the unobstructed horizontal illuminance, under standard
CIE (Commission Internationale de l’Eclairage) overcast conditions and it is expressed
as  a  ratio.  When  it  comes  to  the  number  of  metrics  that  can  adequately  describe
daylighting, there is no precise answer since the subject is difficult to be defined. There
is  however  the  general  acceptance  that  a  good daylighting  condition  minimizes  the
visual discomfort and offers high visual quality throughout the year, thus many inputs
can be composed into one metric that collects and analyzes the degree and frequency of
appearance  of  instantaneous  conditions  that  express  good  daylighting.  Luminous
quantities that can be estimated in a lighting simulation and are linked to the visual
comfort and quality are the following: the illuminance on the horizontal plane (usually
at desk height), the field of luminance, the eye-level grid, the ceiling-level grid and the
photosensor  response.  Traditionally  the  architectural  and  engineering  literature  has
emphasized on merely one parameter for the evaluation of lighting conditions, which is
the horizontal illuminance. Studies as well as other evidence have shown that, although
the illuminance on the working plane level is important, there other attributes equally
significant such as the spectral distribution, the luminance and illuminance uniformity
and the temporal  variation  of illuminance.  Aiming at  a  representative  and complete
methodology  for  the  assessment  of  the  lighting  conditions,  non-horizontal  lighting
components have to be taken into consideration since they are also perceived by the
users  (Cantin  & Dubois,  2011,  p.  292).  The Daylight  Factor,  as  mentioned  earlier,
cannot  provide  totally  satisfactory  results  due  to  its  intrinsic  limitations.  Thus,
researchers  should  explore  new  performance  indicators,  incorporating  the  recent
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advancements  in  lighting  simulation  modeling  and  working  with  a  variety  of
daylighting quality index. According to the European Standard EN 12464-1, the main
parameters that determine the luminous environment are: 1) luminance distribution, 2)
illuminance, 3) glare, 4) light directionality, 5) color rendering and appearance of light,
6) flicker and 7) daylight. Moreover, research on photobiology has made possible the
bonding  of  the  spectral  light  characteristics  with  the  photobiological  response  of
humans. Hence, many researchers have integrated photobiological attributes with their
models for the lighting quality estimation.
          Successful daylighting design handles the relation between daylight provision and
daylight  control,  reaching  the  desirable  balance.  The  determination  of  the  perfect
conditions is affected by the building design, the orientation, the surroundings and the
local climate, thus it is extremely difficult to simply follow rules of thumb and reach the
optimum results,  since each project  is  unique.  Otherwise,  failing to  accomplish  this
desirable balance could lead to increased use of energy to cover the lighting or cooling
needs. Daylighting, if not handled properly, could lead to a net increase in the energy
consumption,  if it  ultimately causes the need of additional cooling loads that overall
exceed the energy that was saved from the reduction in the artificial lighting, or in the
case when the total heat gains and losses through the fenestration are higher than the
lighting energy saved. This case is not unusual, especially if over-glazed buildings are
examined, where it is common to have the blinds down in order to avoid glare while
extra lighting is needed at the same time indoors.
          A paper of Reinhart & LoVerso of 2009 proposes and validates a daylighting
design sequence for spaces that are lit from the sideways, mainly from diffuse daylight.
The  sequence  analyses  and  revises  prior  rules  of  thumb  in  order  to  form  a  new
methodology that could be used during the early stages of design to provide the proper
guidelines for the floor plans’ and windows’ area, taking into consideration the external
obstructions. First of all, the authors claim that daylighting rules of thumb are simple
expressions handling numbers, which can be used to link a specific design quantity with
other factors, like relating the length of daylight that penetrates into a space with the
height of the respective window (Reinhart & LoVerso, 2010, p.8). Two prediction tools
can  be  used  by practitioners  who apply  design  in  real  cases;  the  “experience  from
previous work” and the “rules of thumb” are widely exploited at the primary stages of
design. Focusing on the latter tool, rules of thumb are commonly preferred due to their
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easy to learn nature and the quick results, i.e. the desired piece of advice. A step further,
is  required  for  the  daylighting  concept  to  be  refined  and  processed,  meaning  the
daylight simulations. However, it is a fact that the narrow time limits and resources and
the little  know-how lead many designers to start  with a rules of thumb method and
never evolve their  process by experimenting.  There are defects in this  principle that
make  it  non-standardized,  such as  that  it  is  entirely  empirical  and not  validated  by
experiments and also that it is not meant to be reliable in every case.
          The aforementioned paper  proposes a  design sequence that  aims to allow
designers  to  verify  quickly  an  indoor  space  according  to  the  potential  diffuse
daylighting  and  to  work  as  a  checking  control  throughout  the  design  process.  The
methodology that was followed included the review of three already established rules of
thumb. First was the “daylight feasibility study”, which provides the designer with a
quick test to define the indoor zones of a building that are included or excluded from the
daylit area, by examining the parameters of façade orientation and external obstacles.
Various  external  obstructions,  limited  window  areas  and  glazing  transmittances  all
affect the incoming daylight, while diminishing it below a critical point actually leads to
no lighting at all. The second rule that was reviewed was the “daylight quantity”, which,
after  having  ensured  the  necessary  condition  of  the  presence  of  daylight  from the
previous point, comments on how satisfactory this daylight is in the room, depending on
the space dimensions and the reflectance of the surrounding surfaces. The third and last
rule that was reviewed was the “daylight uniformity”, which usually works as a measure
to avoid too high illuminance contrast ratios. Having validated the rules of thumb and
the accompanying equations, Reinhart & LoVerso formed a four-step design sequence
for  diffuse  daylighting  covering  the  following  aspects:  1)  site  conditions  and
programming  specifications,  2)  daylight  feasibility  test,  3)  room proportions  and 4)
required glazing area (Reinhart & LoVerso, 2010, p.20). The methodology proposed
offers reliable steps to design and assess spaces lit from the sideways, given an average
daylight factor requirement. It is stressed out that the sequence was easy enough to be
taught to architectural students during teaching experiments, within a 90 minute lecture.
          The example of New York Times headquarters is cited as a realized case in which
daylight simulations were used to help stakeholders decide on various matters during
the construction phase of the building (Mardaljevic et al, 2009, p.271). First of all, a
monitored field study was conducted and provided answers to more general subjects
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such as the technical feasibility and the performance benefits of the installation of an
automated  control  system.  Afterwards,  detailed  radiance  simulations  enabled  the
building  owner  and  the  manufacturers  to  evaluate  the  design  and  control  of  an
automated roller shade and electric lighting control system. The radiance simulations
contributed to a variety of decisions, ranging from the understanding of the effect that
urban shadow has on the exploitation of shade, to the time-lapsed images that provided
a visualization of the daylit  environment of the building in its exact location,  which
presented an assessment on the visual comfort and the quality of the daylight, having
the automated shade control in use.
          Another example on the assessment of daylighting quality in office rooms using a
series of metrics is presented in a paper of Catlin and Dubois. The researchers made use
of a variety of daylight metrics linked to illuminance, distribution, glare and directivity
for the determination of daylight quality in two differently oriented rooms of an office
building in Montreal, Canada. The metrics were calculated using computer simulations
with specialized software and they allowed them to identify the daylighting conditions
and compare the states of the two rooms (Cantin & Dubois, 2011, p. 302). In the end of
the study, it was clear that the illuminance, distribution, glare and directivity were all
very useful attributes for the description of the rooms’ conditions.  For example,  the
study of luminance ratios provided quantitative data that confirmed the already bare-eye
observed  fact  that  the  color  selected  for  the  furniture  was  too  dark  for  the  space.
Furthermore,  the researchers stated various limitations that  accompanied their  study.
First of all was the use of computer based simulations instead of real occupants and then
the acceptance that the sky was constantly clear instead of taking into consideration real
meteorological  data.  Another limitation was the modeling of the rooms without any
artificial lighting or shading devices. Also, the study was conducted only in terms of
visual aspects, ignoring the biological and emotional effects of the quality of light.
          An innovative concept was conceived by a group of researchers from Shanghai,
China, that its implementation aims to save energy by utilizing daylight in the optimum
way, improving the indoor lighting and comfort conditions. The group, also, aspires to
present a new perspective of thinking regarding matters on green lighting engineering
and, later on, to contribute to the fundamental theoretical framework of green lighting
(Xiao et al, 2010, p.1327). Taking into consideration the fact that artificial lighting has
become necessary to human beings by helping them create luminous environments of
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all  tastes,  it  goes  without  saying  that  it  is  important  to  the  recent  everyday  life.
Nevertheless, it contradicts the notion of sustainable development, hence it would be
wise to integrate it with the clean energy that daylight offers, in order to both create a
user-friendly  environment  and  reduce  the  consumption  of  electricity.  The  model
proposed by the researchers is called “active green lighting model” and is developed for
the  control  and  optimization  of  the  buildings’  luminous  environment.  The  model’s
purpose  is  to  exploit  the  offered daylight  the best  way possible  through a dynamic
process,  in order to achieve energy efficient  lighting design by means of intelligent
control. From other researches that have been done and are mentioned by the group it
was shown that appropriate daylight schemes can indeed reduce the energy demand and
contribute  to  energy savings.  However,  all  the  existing  studies  made  use  of  mostly
indoor sensors which is considered inconvenient for practical use, thus the goal was to
design a model that would operate with merely one outdoor sensor or no sensors at all.
The project is divided into three parts; the first part includes the research on daylight
rules  and  the  effort  to  use  swarm  intelligence  theory  and  ultimately  recognize  the
various  sky types  in  real  time,  the  second part  receives  the  results  of  the  previous
research and uses them for the determination of the indoor illuminance, while the third
part  forms  a  dynamic  optical  control  strategy,  taking  into  consideration  the  target
illuminance as well as the energy consumption. Experiments were conducted in order to
verify their proposed methodology and up to recently they have been working on the
exploration of new methods to validate the results of the sky recognition and develop
their model.
          It has been clarified so far that daylighting belongs to the potential passive
strategies  for  the  enhancement  of  both  energy  performance  and  occupants’  visual
comfort in buildings, especially with commercial use, at low installation and operational
cost. An empirical study was carried out in an existing typical building of governmental
services in Malaysia and showed that the internal  level of daylight  was insufficient,
which contradicts the fact that the location is characterized by an abundance of daylight
availability.  In  the  relevant  paper,  it  is  mentioned  that  since  2000  Malaysian
Government has been increasingly interested in establishing energy efficient systems in
office buildings however, having already designed and constructed buildings of high
efficiency and reduced consumption of energy, there are still plentiful existing ones that
fail to meet the desired standards. It is accepted that retrofitting in existing constructions
is less flexible that designing a brand new office building, hence the goal is to improve
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their energy performance by feasible and cost-effective means (Lim et al, 2012, p.194).
Changing the glazing types and shading devices are in accordance with this strategy,
since daylighting performs better than artificial lighting, when the amounts of light and
produced heat are taken into consideration. The location’s tropical climate indicates the
control of daylight quality as a matter-to-handle, rather than its given quantity. Surveys
made in the existing governmental buildings proved that there is full dependency on
electric lighting, while the sufficient external daylight is not exploited. In fact, when
artificial lighting was turned off, several buildings did not meet the standards, since they
were not  designed a  priori  to  utilize  daylight,  leading to  poor light  distribution and
uniformity.  Lim  et  al  proposed  building  façade  modifications  in  order  to  enhance
daylighting. The existing state included horizontal overhangs along with vertical screens
hanging  from them for  all  orientations,  which  reduced  direct  solar  gains  and  glare
discomfort. Alterations on window glazing and shading devices were evaluated through
simulation. Ultimately, the integration of light shelves with partial blinds tilted at 45°
was assessed as a successful measure for the control  of daylight  quality,  visual and
thermal  comfort.  Furthermore,  it  created  more  uniform daylight  distribution  by  the
reflection of light to areas deeper in the room and it was also considered helpful for the
glare reduction on vertical plane.
          Ghisi and Tinker claim that energy efficiency in lighting can be achieved through
two measures,  the  minimization  of  either  the  lighting  power  density  (LPD)  or  the
lighting system use. The first variable could be optimized by the installation of energy
efficient lamps and other piece of lighting equipment,  while the latter  by the use of
control systems and the proper integration of daylight. Large window areas in buildings
allow the entrance of great amounts of daylight, however there is also high possibility of
excessive heat gains and, as a result,  increased air-conditioning needs for cooling or
heating. Therefore, defining the Ideal Window Area for a space would clarify which is
the balanced state  between daylighting  provision  and solar  thermal  load,  leading to
optimized energy consumption (Ghisi & Tinker, 2005, p.52). In the researchers’ paper a
methodology for the prediction of the potential for energy savings concerning lighting is
presented,  by  making  use  of  the  Ideal  Window  Area  concept  and  successfully
combining daylighting with electric lighting. The methodology included the assessment
of rooms with different dimensions and different room ratios, regarding the potential for
lighting  energy savings in  each case.  The testing  of different  room ratios  (width to
depth)  aimed  at  the  examination  of  working  surfaces  and their  placement  in  wide-
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shallow or narrow-deep rooms. As far as the findings are concerned, it was shown that
smaller rooms (large window-to-floor ratio) or rooms that have greater width than their
depth permit daylight to reach the workplane through windows, thus they have a high
potential on savings. Furthermore, it  is mentioned that the Ideal Window Area has a
tendency to be larger on surfaces whose orientation is linked to low energy consumption
due  to  generally  low  solar  thermal  loads  that  reach  them;  hence  the  daylighting
contribution for energy savings could be higher. In the case of large rooms with narrow
width, the Ideal Window Area is high. Additionally, rooms that have a greater width
than their  depth,  as proposed also by daylight  guides,  do have high daylight  levels;
however this does not lead necessarily to low energy consumption. Spaces with narrow
width usually consume less energy, because of the limited solar heat gains or losses that
occur through the windows.
          Evening office lighting is usually a hard to handle subject, especially when the
visual  comfort,  energy  efficiency  and  performance  need  have  to  be  covered.  The
electricity consumption along with the energy efficiency is certainly an important topic
when various lighting scenarios are studied for buildings; however the effort to satisfy
also visual comfort complicates more the situation, since the horizontal illuminance on
the  workplane  should  be  high,  illuminance  uniformity  should  be  achieved  and
discomfort glare should be avoided. Hence, it is clear that managing both good visual
comfort level and energy efficiency is not a trivial matter. Linhart and Scartezzini in
their research studied two highly energy efficient lighting configurations to cover the
evening lighting needs of an office space, setting an average use of two hours daily in
the evening. The first scenario was mentioned as “Reference scenario” and had Lighting
Power  Density  (LPD) of  4.5  W/m²,  while  the  second one was referred  to  as  “Test
scenario”, had LPD of 3.9 W/m², it was more efficient in terms of energy and it offered
higher workplane illuminance levels, though the discomfort glare risk was also higher.
The researchers compared the two configurations so as to define a lighting solution for
the evening office lighting that would satisfy the energy efficiency, visual comfort and
performance  requirements.  In  order  to  assess  more  reliably  the  scenarios,  objective
visual performance tests, both computer and paper based, were conducted on twenty
users. The participants of the study showed a higher preference to the “Test scenario”
and, moreover, their performance under paper based work was also better. However,
their  performance  regarding  computer  based  tasks  was  at  equal  levels  for  both
scenarios. In short, it was shown that more satisfying visual conditions can be achieved
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even with less powerful artificial lighting systems. According to the writers’ personal
view, the electric lighting systems, which are used in office spaces that benefit from
daylighting  hence  artificial  lighting  has  a  collateral  role,  should  be  designed  in  a
different way than those used in spaces totally dependent on artificial lighting. In this
way the occupants could be persuaded more easily to become more enthusiastic about
daylighting rather than to rely solely on electricity (Linhart & Scartezzini, 2011, p.982).
Furthermore, it is mentioned that in the future the long-term effects that different low-
LPD (lighting power density) configurations have on the users should be examined.
          Numerous studies conducted over the past years have been trying to describe the
users’ behavior under their usual working environment conditions and concerning the
use of electric lighting. A paper published in 1979 took into account various behavioral
aspects  and  an  effort  was  made  to  form  a  method  for  the  prediction  of  energy
consumption by manually controlled lighting systems. The procedure that was followed
included the observation of time-lapse photographs from schools and office spaces and
the collection of data.  It  was shown that for most  of the cases, the lighting state of
rooms was either fully lit or no lit at all, while the intermediate states of partly lit spaces
was rare (Hunt, 1979, p.21). Moreover, the time when the lights were switched on or off
and the duration of the corresponding intervals was only dependent  on the cycle  of
occupation,  meaning that  in  spaces  that  were occupied intermittently for long hours
such as offices, there was no alteration in the lighting state apart from the arrival at and
departure from the room.  Regarding spaces  with more  often arrivals  and departures
during a day such as schools’ classrooms, the switching on and off was more frequent,
though  it  was  still  linked  solely  to  the  occupancy  of  the  space.  In  addition,  the
probability that the users would turn the electric lights on during daytime was mostly
related with the minimum value of workplane illuminance.
          According to Carter, lower illuminance levels on workplanes under specific
circumstances can improve the quality of lighting and also contribute to energy savings.
Considering ideal conditions, various lighting synthesis methods could be applicable,
e.g. for the illuminance of a specific object, the proposed measure is illuminating a point
for a plane of appropriate orientation or setting an average illuminance on the object’s
surface. Nevertheless, it is stated that the proposed methods are not practical, since the
measures that would satisfy one criterion could influence other parameters, leading to
non-satisfactory results for other criteria. Hence, the simultaneous effort to meet all the
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listed  criteria  is  considered  if  not  impossible,  rather  time-consuming  for  the
calculations. Carter described a computer aided method of synthesis of lighting systems
and attempted to handle multiple criteria so as to provide the designer with a tool that
would help him control the desired details and properties. A previous study showed that
it  is  feasible  to  combine  a  limited  range  of  conditions  that  are  supposed  to  satisfy
numerous  criteria  at  the  same  time.  A rectangular  array  of  more  than  four  ceiling
mounted  luminaries  placed  in  a  rectangular  shaped  space,  which  has  light  colored
surfaces  and it  is  designed in  compliance  with IES Code Recommendations  for  the
values  of  horizontal  illuminance,  uniformity  ratio  and  glare  index  is  considered  an
appropriate solution. It is cited that a designer who follows a manual multi-criterion
design  method  works  and proceeds  through  a  number  of  steps:  1)  he  specifies  the
room’s geometry and surfaces’ reflection factors, 2) he selects the relevant criteria, such
as the planar illuminance, 3) he selects the appropriate flux fraction ratio by making use
of IR charts, 4) he configures the luminaries’ layout, 5) he calculates the downward flux
per  luminary  to  meet  the  requirements,  6)  he  determines  the  glare  index  and  the
luminous area and 7) he selects a suitable  luminary (Carter,  1983, p.131). The final
product  of  both  manual  and  computed  aided  design  is  the  specification  of  the
luminaries; the manual approach is not widespread because of its time-consuming and
complex nature, while the latter approach saves time.
          Furthermore, various kinds of uses and users exist regarding lighting simulation
data. Scripting languages, such as Matlab, used to be the only and difficult to use way to
work with lighting simulation data. This was problematic for the market to the extent
that the consumers had to collaborate only with people willing to program and moreover
the  human  visual  conception,  that  is  capable  of  discriminative  thinking,  was  not
exploited (Glaser et al, 2004, p.895). It became obvious for researchers that what was
absent  from  the  building  performance  programs  was  the  ability  to  work  with  the
simulation results as autonomous entities,  similarly to creating an algebraic problem.
Algebra is proposed as a means that can offer the proper conceptual infrastructure for
multiple operations, including different levels of analysis e.g. local or global. Two tools
are presented in the paper of Glaser et al, called “LightSketch” and “Scythe + Sew”,
which operate in terms of algebra for lighting. The first software is used for modeling
based on sketching and creates simple architectural  geometries,  while it manipulates
both daylighting and artificial lighting. The later program is organized in such a way to
facilitate the manipulation of data like in a spreadsheet and it supports their analysis and
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representation through five dimensions, meaning the three axes, time of the day and
time in the year.  Using both of these tools simultaneously allows quick and almost
thorough exploration of the lighting design process and techniques. Exploiting computer
simulation is helpful for understanding of the interactions that occur between daylight
and  electric  lighting  systems,  in  order  to  define  where  and  to  what  extend  a
complementary lighting system is needed. Moreover, it is useful for the comparison of
different design proposals, as well as for the evaluation of sky models, e.g. clear and
overcast skies, to obtain meaningful results. It is cited that various improvements could
be made for better research, including the incorporation of new standards of sky models
for LightSketch and both algebraic and interface upgrade for Scythe + Sew.
          It is generally accepted that computer simulation can be extremely helpful for the
estimation  of  energy savings  from daylighting  in  buildings.  However,  there  are  not
many cases in which the software used is validated when real occupancy conditions are
taken into account. Galasiu and Atif worked on a project investigating the accuracy of
the  Adeline  lighting  simulation  software,  concerning  the  daylight  illuminance
distribution and the consumption of artificial  lighting in an existing atrium. Through
their  study,  the  researchers  examined  the  accuracy  and  extend  of  reliability  of  the
program. The case study was elaborated as follows: first of all the examined space is
described, regarding the geometry and space characteristics, the occupancy pattern and
the type of activities (Galasiu & Atif, 2002, p.364). Then, the fenestration that exists is
described in terms of area, type of system, material and properties. Furthermore, the
features of electrical lighting system and the values of the internal reflectance of the
walls  and ceilings  are also mentioned.  The Adeline computer  program includes five
other  inter-connected  programs;  each  one  has  a  different  operation  and  part  in  the
overall  research  method,  since  one  is  used  for  the  3D  modeling,  while  the  others
manipulate  the visible transmittance of the surfaces, the daylight illuminance factors
and the representation. Additionally, one sub-program is used for the evaluation of the
energy savings that occur when daylight is best exploited and the sunshine probability is
estimated.  Field  measurements  at  illuminance  test-points  showed  the  daylighting
performance  inside  the  atrium.  The  computer  simulation  included  the  creation  and
testing of two models, setting specific assumptions due to limitations of the software.
Instead of the direct comparison of results coming from different time and location, the
researchers  chose  to  examine  the  overall  pattern  of  illuminance  distribution  and its
impacts.  As far  as the results  are  concerned,  the predicted outdoor illuminance was
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closer to the illuminance measured for clear sky than for overcast conditions. Summer
data had an overall good agreement between the predicted and the measured values,
under  clear  sky  conditions.  Due  to  on-site  problems  of  the  lighting  control,  the
measured energy savings were three times lower than those predicted in winter, while in
summer discrepancy was also noted reaching 22%. Last but not least, because of the
poor winter performance of the control system, the annual measured energy savings
were around 60% lower than the estimated ones.
          A study has been conducted for the assessment of Daylight Coefficient (DC)
approach  using  Radiance  program,  in  order  to  estimate  the  indoor  daylight  in  a
building’s  corridor.  The  DC  concept  takes  into  consideration  alterations  in  the
luminance of elements in the sky and it  is  an effective means for the estimation of
indoor daylight illuminance for various sky conditions. The validation site was set in
corridor, which is a circulation area that people desire to be adequately lit and it is stated
that  in  the  case  of  daylit  corridors,  photoelectric  lighting  controls  are  expected  to
contribute highly to energy savings. The accuracy of the illuminance levels results and
estimated  electricity  consumption  deriving  from  Radiance  daylighting  simulation
program is examined in the paper and it is compared to the conducted measurements.
By placing two photosensors in the corridor, the light intensity was first recorded and
then regulated. Regarding the simulation model, it consisted of two parts, the geometry
that described the corridor and various external obstacles and the self-luminous source
that  represented  both  sunlight  and  skylight  (Li  &  Tsang,  2005,  p.977).  After  the
examination of numerous illuminance data sets, it was shown that the simulated indoor
illuminance values agreed at a satisfactory extend with measured values. It is presented
that the daily lighting energy savings during spring ranged from 6.30 kWh to 8.15 kWh
concerning  the  simulation  results,  while  they  ranged  from 5.90  kWh to  8.30  kWh
respecting the measurements. In general, it became obvious that for almost all months,
except for June, the discrepancies between the measured and the simulated savings were
considerably large.
          For the examination of a problematic case, more precisely an unevenly lit lecture
room  that  receives  light  from  the  North,  two  programs  were  used:  Photopia  and
Radiance. Two different daylighting systems were analyzed and compared to evaluate
their contribution to the enhancement of indoor lighting conditions. The technologies
can be considered as representative of a passive system, which refers to a light tube, and
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an active system, i.e. a fiber-optic solar dish concentrator. Photopia was used for the
photometric modeling of the systems, while Radiance presented realistically the indoor
lighting conditions. As far as the results of the research are concerned, for solar altitudes
of less than 50°, the solar tracking dish concentrator would operate more efficiently,
while for higher solar altitudes the light tube system would allow more solar rays to
enter through its aperture (Oh et al, 2013, p.273). To conclude with, utilizing different
types of daylighting systems collectively can maximize the benefits from natural light,
since  in  this  way  each  technology  maximizes  its  output  when  the  surrounding
conditions are optimal, making the highest efficiency possible regarding daylight gains
under various conditions.
          A new artificial lighting and daylighting control strategy is first modeled and then
evaluated by Seo et al, so as to be compared to conventional lighting and daylighting
control methods. It is proposed by the authors that the new control strategy could be
integrated in an energy management control system (EMCS) in order to be utilized in
any  type  of  indoor  space  and  it  is  ideal  for  emerging  technologies  e.g.  wireless
circuiting and individual lighting controls. Moreover, building energy simulation tools
could also utilze this new control strategy. Radiance, AGI32 and Superlite are lighting
design  tools  that  analyze  the  indoor  illuminance,  according  to  fifteen  static  sky
conditions set by CIE (Commissions Internationale de l’Eclairage). Nevertheless, it is
mentioned  that  these  standard  conditions  of  sky  are  not  sufficient  for  the  accurate
estimation of energy savings when it comes to the various control systems, hence other
tools such as DOE-2, EnergyPlus, TRNSYS, ESP-r and Ecotect are more popular for
the calculation of the annual energy savings from dynamic daylighting controls. Ecotect
is an easy to use tool with a user-friendly interface (Graphical User Interface or GUI),
however it highly relies on other simulation tools such as Radiance and EnergyPlus for
an  explicit  daylighting  analysis,  since  it  exports  the  3D  model  and  it  imports  the
analysis results. It is claimed that EnergyPlus is one of the few simulation tools that can,
not only model common electric lighting and daylighting systems, but also it is able to
integrate various control strategies. The researchers have come to the conclusion that
the new proposed strategy offers higher energy savings than conventional daylighting
controls;  in  addition,  when  validating  the  analysis  it  was  shown  that  the  existing
daylighting control simulation tools can possibly overestimate the respective reduction
in lighting energy consumption. In fact, the findings proved that EnergyPlus, and also
relative whole-building energy simulation tools e.g. DOE-2, calculated higher lighting
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energy savings due to the daylighting controls, because it did not take into consideration
the actual performance of lighting fixtures as well as their effect on illuminance levels
indoors (Seo et al, 2011, p.1021). Taking as granted the significant energy savings that
can be achieved, when artificial lighting fixtures or circuits are controlled in the optimal
way, it was found that these savings could be overestimated by conventional daylighting
control models, when assessing the actual lamp performance. Furthermore, the error in
the prediction of indoor illuminance compared to the measured values was 25%.
          New techniques can improve the daylighting potential by exploiting the offered
resources properly in accordance to the local conditions and the given geometry of the
space. Among these techniques belong the complex fenestration systems (CFSs) such as
prismatic glazings and mirrored louvers that are claimed to be useful installations for
improving the daylight conditions in a room. Their effective light redirecting properties
can offer  partial  shading protection  and almost  uninterrupted  view towards  outside.
They can be either fixed or moveable.
          Five researchers from the Istituto Nazionale di Ottica Applicata in Florence, Italy,
have constructed and tested an original and innovative system for indoor illumination.
The system makes use of sunlight with concentrators, optical fibers and sun-tracking
devices (Sansoni et al, 2008, p.323). The project is entitled “The Sunflowers”, due to
the ability of the system’s sun collectors to follow the track of the sun in the sky during
daytime.  Each  Sunflower  consists  of  solar  collectors,  optical  fibers,  as  well  as
mechanical and electronic parts for the sun-tracking. The system’s function is dual; the
sunlight  that  is  collected  can  either  illuminate  indoor  spaces,  by  connecting  the
collectors to a bunch of optical fibers, transporting light to specific points, or it can be
gathered through photovoltaic cells and be converted into electricity, so as to be used
when  sunlight  is  not  enough  or  present.  The  implementation  of  this  project  was
possible,  since  from 1997 the  researchers’  laboratory  has  been  working  on various
configurations of solar collectors, observing the various concentrations that solar light
can have in  an optical  fiber.  The Sunflower prototype  was installed  in  a  prominent
museum in Florence in order to illuminate several showcases indoors. For the needs of
the project,  the solar collector  was designed in detail,  aiming at  mass production in
order to reduce costs.
          Daylight guidance systems (DGS) are linear devices that can channel daylight to
the inner part of a building as desired and they are commercially exploited for about
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twenty years. Testing this new technology in order to light offices has shown that, from
the  economical  point  of  view,  it  is  not  directly  beneficial,  while  taking  also  the
intangible attributes into account, a more favorable balance between cost and benefit
has  been  recorded  (Mayhoub  &  Carter,  2011,  p.698).  As  already  mentioned,  the
popularity that characterizes daylighting over the last years is attributed to numerous
factors  including  occupants’  satisfaction,  conservation  of  energy  and  thus  broader
protection of the environment. Conventional windows permit daylight entrance up to
around five meters  depth into the room. The latest  developments  in technology and
manufacturing have made new materials with highly efficient reflectivity and refraction
available, which are able to redirect daylight indoors into remote from the façade areas.
Two main  approaches  exist;  the  first  is  called  “beam daylighting”  and is  the  mere
addition  of  reflective  or  refractive  components  that  redirect  sunlight,  operating  in  a
similar way to the louvers and light shelves. The second is called “light guidance” and
stands for the capturing of daylight using collector devices linked to a linear guidance
system.  The latter  approach incorporates  two commercially  exploited  categories,  the
tubular daylight guidance systems (TDGS), which operates together with the electric
lighting system, and the hybrid daylight/ electric systems (HLS), which is more recent.
Mayhoub  and  Carter  studied  the  costs  and  benefits  that  characterize  the  daylight
guidance systems, in terms of both quantifiable measures, such as the initial capital cost
in  comparison to  the electricity  savings,  and more  intangible  measures,  such as the
opportunity cost against the effect on human wellbeing. The methodology followed the
whole life cycle costing method (WLCC) that takes into consideration diverse factors
and costs over a determined time period or the entire lifespan. The results showed that
the capital  cost  is  the main  parameter  that  determines  payback periods;  e.g.  tubular
daylight  guidance  systems have  low capital  costs,  because  of  the simple  and cheap
optical  systems’  equipment.  Generally,  hybrid  systems tend to  have longer  payback
periods. It should be noted that the system’s payback period is affected by the levels of
capital cost, energy cost, productivity and external illuminance considerations.
          Taking into account the occupant behavior in modeling a dynamic system
complicates the simulation procedure. Controlling the shading and blinds’ systems can
be  done  under  a  totally  automatic  way,  manually  or  by  combining  the  two.
Nevertheless, adding occupant control to the model increases the uncertainty, since this
type of models include high probabilistic component, concerning the fact that the user’s
response  cannot  be  predicted  with  certainty.  These  uncertainties  that  the  behavioral
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models add to the simulation affect the evaluation to the point that the designer could
miss out the opportunity to improve the daylighting potential of the space, if he fully
integrates the given model of behavior. Therefore, it is advised to first assess impartially
the daylighting performance of the space according to its physical characteristics and
then to incorporate various behavioral models.
          A paper dated in 2004 presents how adaptive occupancy-based lighting can be
controlled using Grey prediction. To be noted, a system that all of its parameters and
characteristics  are  unknown is  called  “black box”,  while  if  all  of the properties  are
given, then it  is  called “white  system”.  The intermediate  case is  the “grey system”,
which includes partially known information. Leephakpreeda in his study is working on
the determination of the automatic turning off of lights, when there is no occupancy in
the space,  taking into consideration  the relation  between the user’s comfort  and the
energy savings. The behavior of the occupant is modeled by the Pareto distribution; it
changes constantly and it is known in advance, hence the Grey prediction model is used
for the estimation of the delay time (DT), considering previously recorded user activity.
Delay  time  is  defined  as  the  time  duration  starting  from  the  moment  when  non-
occupancy is detected in the space, until the time when the light is switched off. It is an
unknown  regarding  the  control  implementation,  it  cannot  be  pre-determined  and  it
varies  following  the  daily  activity  changes.  Thus,  the  study  examines  the  adaptive
occupancy-based lighting control. The observed previous behavior of the occupants is
used  for  the  determination  of  delay  time,  through  Grey  prediction  (Leephakpreeda,
2005, p.882). The context of the experiment conducted included a medium-sized office
room, one user and a motion sensor with a specific detection range, placed properly at a
certain height. According to the Pareto distribution, F=c I⁻ª, where (F) is the frequency,
(I) is the inactivity period, meaning the time duration for which no motion is detected
by the motion sensor,  and (c) and (a) stand for behavioral  parameters  linked to the
occupant’s inactivity. In general, the Grey system has been used from the prediction of
stock prices to the handling of material processing control, as a tool to present a trend.
The real-time lighting control in the experiment was applied on the 6th day of the 10
days in total, having observed in advance the user’s behavior pattern. Concerning the
results, it was shown that the energy consumption of lighting could be reduced from 35-
75% compared to the usual energy use. As expected, these values of reduction would be
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less if  the occupant does not regularly turn off the lights when he leaves the room,
however this problem can be solved by installing an automatic switch.
          Aiming at the enhancement of interactions between the user and his space, in
order  to  promote  the reduction  in  energy consumption,  it  is  important  to  accurately
understand user’s behavior inside buildings. A recent paper examines the occupants’
behavior regarding the use of lighting by analyzing and reporting the impact of manual
and semi-automatic control (meaning remote controls for shades or for electric lighting
or for both) on the use of lighting in the case of a single-occupancy office space. For the
purpose of the research, participants were asked to adjust the defined room’s lighting
conditions,  according  to  the  proposed  control  options.  When  the  experiment  was
completed, it became obvious that the participants preferred to use natural light, only
when they could utilize semi-automatic controls for the shades. On the contrary, they
were not keen on using natural light, when semi-automatic controls were offered for
both  shades  and  artificial  lights  (Heydarian  et  al,  2015,  p.217).  Various  computer
programs facilitated the experimentation; first of all, the basic geometry of the room
was formed in Revit 2013 and then it was optimized by adding materials,  furniture,
lighting, reflections, shadows and textures, and later on rendered in 3ds Max. Then, the
model was imported to Worldviz’s Vizard virtual reality toolkit and especially using
Architecture Interactive, which is part of the program, the participant to the research
were  able  to  interact  with  their  environment  by  e.g.  closing  the  shades.  Moreover,
Microsoft’s  Xbox  Kinect  was  utilized  to  track  the  users’  bodies  positioning  and
movement,  Oculus  Rift  enabled  them  to  visualize  and  walk  through  the  virtual
environment, while with Wand Tracker they could move in different directions and alter
their field of view. A previously conducted pilot study indicated possible improvements
to the researchers and according to these findings they modified various attributes of the
models. At the end of the experiment, the participants claimed that Immersive Virtual
Environment (IVE) was a good means of representation of the natural environment and
that  it  was easy to work with it.  Furthermore,  it  is  stressed out by the authors that
another  notable  point  of  the  study is  that  it  allowed  the  isolation  of  the  examined
influence of a remote control light option from the rest of the involved parameters. The
findings of the research are helpful to the literature since, not only they are linked to the
potential of energy savings in buildings by affecting the users’ behavior, but also for the
potential of advanced design in buildings so as to be more occupant-centered.
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2.3 Remarks
          The extraction of useful citations that appeared in the literature overview is vital
before processing on the core of this paper, i.e. the description of existing natural and
artificial  lighting  systems  and  the  determination  of  the  optimum  combinations  and
solutions for a selected existing office building. Hence summarizing, the proper design
and organizing of the interior surfaces have beneficial effects on the users’ circadian
efficacy.  Aiming  at  a  high-quality  and  energy  efficient  system,  multiple  design
parameters  should  be  balanced  in  order  to  satisfy  the  desired  visual  needs  and  to
contribute  to  energy use  reduction.  Among  these  parameters  are  the  horizontal  and
vertical  levels of illuminance,  the proper tone of the lighting,  the optical control for
glare, the fixture spacing, controls and daylight integration. It is obvious that the goal
can be achieved with even easy to apply methods, as long as there are controls and the
proper  occupant  behavior,  who would  realize  that  high-quality  and energy efficient
environment  can  improve  their  productivity  and  establish  comfortable  and  creative
environmental conditions. Moreover, it became obvious from the literature review that
it is feasible to have a lighting installation that satisfies both visual criteria and low
energy demand on the same time, having higher capital costs but lower overall lifecycle
costs.  One of the smartest  ways  towards energy conservation  is  to  reduce  the daily
lighting load of a commercial building. In addition, according to the manufacturers, the
energy ratio between incandescent lamps and CFLs is around 5:1, which means that if
the first provides 12 lumens/ watt, the latter provides 60 lumens/ watt, hence installing
more  CFLs  leads  to  significant  electricity  savings  and  extended  lamps’  life.  When
designing  while  taking  into  consideration  the  highest  possible  energy  savings  with
modern  lighting,  it  is  suggested  to  install  light  sources  with  dimmable  electronic
ballasts, daylighting control systems and presence detectors. Furthermore, as European
lighting norm EN 12464-1:2011 recommends, the major part of office work activities in
office buildings should be done under lighting conditions of 300-500lx. Nevertheless,
observations have shown that users’ working conditions do improve somehow as a total,
when the lighting over the respective task is slightly higher than the proposed by the
design codes, usually even at 3:1 ratio. A study showed that the task illuminance in an
office space should not get below 650lx, when the lighting system is integrated with
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automated dimming technologies, since below this value discomfort was reported by the
occupants.
          As far as daylight is concerned, it has been noted that even though daylight
dimming control  systems  have  a  high  energy-saving potential,  they are not  broadly
installed in buildings, because the fluctuating levels of light cause quite often visual
annoyance  to  the  occupants.  Moreover,  lighting  control  models  that  operate  under
manual switching resulted from the observation of various behavioral patterns, hence it
became clear that only the installation of occupant control systems would not lead to
remarkable lighting energy savings. The automated and time switching controls, that
made use of occupancy sensors and photoelectric control of lighting, have proven to
contribute more to the energy savings. It became obvious from the review that intensive
efforts are being made to exploit  daylighting,  since it is better  preferred to artificial
lighting by occupants, it can improve the quality of lighting in the space and, also, glare
studies have shown that glare is more easily withstood when coming from a daylight
source than from an artificial equivalent. Increasing the daylighting aperture, either by a
greater  glazing  transmittance  or  by  a  greater  window  area,  leads  to  significant
daylighting  benefits.  Failing  to  accomplish  a  desirable  balance  among  various
parameters such as the building design, the orientation and the local climate could lead
to increased use of energy to cover the lighting or cooling needs, since daylighting, if
not  handled  properly,  could  lead  to  a  net  increase  in  the  energy  consumption.
Concerning specific techniques, the integration of light shelves with partial blinds tilted
at 45° was assessed as a successful measure offering daylight quality control, visual and
thermal  comfort,  uniform daylight  distribution  and  reduced  glare.  Simulations  have
shown that utilizing different types of daylighting systems collectively can maximize
the benefits from natural light. In this way each technology maximizes its output when
the  surrounding conditions  are  optimal  and result  in  the  highest  efficiency possible
regarding  daylight  gains  under  various  conditions.  Tools  such  as  EnergyPlus  and
Ecotect  are  popular  for  the  calculation  of  the  annual  energy savings  from dynamic
daylighting  controls.  In  addition,  EnergyPlus  was  described  as  one  of  the  few
simulation  tools  that  can,  not  only model  common electric  lighting  and daylighting
systems,  but  also  it  is  able  to  integrate  various  control  strategies.  Concluding,  new
techniques  were  introduced,  such  as  the  complex  fenestration  systems  (CFSs)  e.g.
prismatic glazings and mirrored louvers that are claimed to be useful installations for
improving the daylight conditions in a room, through their effective light redirecting
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properties. As a general advice, it is suggested to first assess impartially the daylighting
performance  of  the  space  according  to  its  physical  characteristics  and  then  to
incorporate various behavioral models. The following table 1 summarizes key points
and allegations that were extracted from the literature review on the energy efficient
lighting in commercial buildings.
Table  2  : Key points of the Literature Review
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3 Efficiency and Conservation 
in Lighting
          Efficiency and conservation differ at an essential point. An efficient system is
able to meet or exceed the user’s requirements, by using less energy; hence it has equal
or improved results with lower energy use, comparing to a similar inefficient system.
Conservation  implies  sacrificing  something  in  order  to  achieve  the  energy  savings.
According  to  Vrabel,  the  goal  is  to  promote  the  energy  efficient  lighting  and  not
conservation (Vrabel, P., 2003, p.1).
3.1 Lighting Energy Consumption
          It is widely accepted that building modeling as well as energy performance
assessment tools have become valuable advisors and even collaborators for designers
and  researchers.  With  regard  to  daylighting  analysis,  studies  have  shown  that  the
shading effect that nearby buildings or other obstructions may have strongly affects a
building’s energy budget. Hence, it is advised to the building designers to always take
into account the external environment so as to create energy efficient buildings, given
that natural light could lead to electricity savings and reduction in the cooling loads due
to artificial lighting. In addition, researchers have found an overestimation of the energy
use  of  about  2%  of  the  total  building  cooling  load,  when  shading  effects  from
neighboring  buildings  were  ignored.  A  paper  from  Pisello  et  al  aimed  at  the
investigation of how the energy performance of buildings is affected by Inter-Building
Effects (IBE), by examining the impact of IBE, apart from heating and cooling, also on
lighting.  The  effect  that  is  produced  from  a  building’s  surroundings  is  far  from
negligible, thus it was modeled as the IBE, representing a parameter that aims at the
quantification of the impact that is observed due to the interaction of adjacent buildings,
in terms of energy performance and throughout the year. It is considered important to
examine the building in its neighborhood context and not as a stand-alone object, so as
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to  quantify the  error  in  the estimation  of  the primary  energy requirement.  Previous
studies  have shown that  mutual  influence  among buildings  has  led  to  discrepancies
regarding  the  heating  and  cooling  requirements,  ranging  from  22-42%.  It  became
obvious that other effects,  e.g. lighting,  could also influence remarkably the primary
energy  use.  Hence,  the  aforementioned  paper  included  the  analysis  of  lighting
contribution  to  the  building’s  energy  performance,  aiming  at  the  development  and
calibration of trustworthy models, through the collection of experimental data, weather
stations’ information and recordings from indoor temperature sensors, so as to assess to
what extend the Inter-Building Effect can affect the building’s requirements in lighting,
as well as in cooling and heating (Pisello et al, 2014, p.514). Concerning the results, it
was shown that for the specific site, IBE was higher during summer months, because of
the major impact of shading from neighboring buildings. Moreover, it was found that
for  the  three  categories  of  energy  loads,  IBE  for  lighting  had  the  highest  values
irrespective of orientation, highlighting the fact that it is a key parameter regarding the
energy assessment of buildings that should not be neglected.
3.2 Goals towards Efficient Lighting
          Taking as granted that it is better preferred to aim at lighting efficiency than
conservation,  the  occupants’  comfort  conditions  and  preferences  should  not  be
sacrificed in order to reach the desired levels of energy gains. In terms of good health,
light exposure is essential  and, concerning the fact that people work mostly indoors
nowadays  in  contrast  with their  ancestors,  it  is  important  to  bring daylight  into the
workspaces.  In general,  daylight  is an attractive architectural  component  that  affects
both visual and psychological  needs of the occupants,  while it  results  from variable
environmental  factors.  As  a  field,  it  brings  together  the  parameters  of  architectural
design, building engineering, human physiology and behavior. Andersen in her paper
aims  to  comment  on  selected  research  developments  concerning  how  architectural
engineering  can  come  closer  with  other  scientific  sectors  through  trans-disciplinary
approaches  for  the  enhancement  of  daylighting  design,  or  in  other  words,  how the
complexity of human preferences can be incorporated in daylighting design strategies. It
is cited that space can actually be experienced either as the living space of a human
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inhabitant,  or as the workspace of a user who is working on a task, or as a merely
pleasant  space for the observer to enjoy it  (Andersen,  2015, p.103).  Moreover,  it  is
mentioned  that  modeling  is  a  useful  tool  for  the  more  profound  understanding  of
systems and configurations and also for the highlighting of missing points and research
gaps. An approach investigating the non-visual attributes that alter responding to light
intensity  changes  and  that  last  longer  than  the  visual  ones  is  set  as  a  challenging
example, since it would be interesting to clarify the design parameters that increase the
non-visual potential of a space.
          In the present paper, the case of commercial buildings has been selected to be
researched,  due to the high lighting  energy consumption  that  is  noted in  the sector.
More precisely,  office buildings are a subcategory of commercial buildings and their
users usually neglect to turn the artificial lights off, when they are not needed, while
they rarely readjust the various shadings during the day with respect  to the altering
outdoor  conditions.  Office  occupants  are  most  of  the  times  too busy to  control  the
indoor  lighting  conditions  either  by  permitting  daylight  to  enter  and  reducing  the
lighting energy consumed, or by blocking the undesired daylight reducing the energy
demand for cooling. In other words, cooling loads are created either by the operation of
multiple office appliances and artificial lighting that lead to excessive heat indoors, or
by the uncontrolled effect of daylight on the offices through unprotected windows and
curtain walls. Therefore, this paper discusses on techniques that could be applied on
office buildings in order to exploit natural light, aiming at the reduction of cooling loads
and energy consumption.  Moreover,  by  the  combination  of  active  systems,  such as
automatically  dimmed  artificial  lighting,  and  passive  systems,  such  as  lightshelves
integrated with the façade, the goal is to assess a configuration on whether it succeeds in
setting both qualitatively and quantitatively satisfying comfort conditions for lighting.
In terms of qualitative comfort, indoor lighting should prevent glare and flickering, as
well  as  every  other  effect  that  could  annoy  the  occupant.  Concerning  quantitative
criteria, the lighting levels especially on the workplanes should not be lower than the
proposed 300-500lx, while slightly higher levels could be even more beneficial.
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4 Natural & Artificial Lighting
          Daylighting refers to the design and placement of windows and other kinds of
openings in order to permit natural light to enter indoors. As already mentioned, when
designing a building, the aim is to maximize visual comfort and reduce the energy use.
If daylight covers the needs during daytime, or if the automatic managing (switching) of
electric  lights  according  to  the  presence  of  daylight  represents  a  properly operating
strategy,  then  artificial  lighting  energy savings  can  be  achieved  by installing  fewer
electric lights.
          In general,  artificial  lighting is  extremely inefficient  regarding the energy
consumption. Incandescent light bulbs convert only about 5% of the received electricity
into  visible  light,  while  the  rest  is  lost  as  heat.  Even  the  energy-saving  compact
fluorescent lamps have only about 20% efficiency (Ginley,  D.S. & Cahen, D., 2012,
p.474).  Lighting  management  is  an  essential,  easy  and  adaptable  measure  that  can
provide up to 55% savings on lighting consumption in commercial buildings. Daylight
harvesting systems use daylight in order to reduce the electric lighting needed and the
energy consumption. This is feasible with lighting control systems, which are able to
lower  or  switch  the  artificial  lighting  by  receiving  stimuli  according  to  daylight
availability.
4.1 Daylighting Systems
          The occupants’ control of interior shading devices in commercial and educational
buildings is one of the most influential parameters for the determination of daylighting
conditions into a building that could affect in a negative way the potential for energy
savings.  Numerous  observations  have  shown  that  occupants  neglect  to  adjust  the
shadings frequently, while when they do, they usually leave them at a lowered position
for  days  irrespective  of  the  external  light  conditions.  A  paper  published  in  2013
examines  how  an  interior  lightshelf  system  can  influence  the  occupants’  behavior
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regarding the use of blinds and artificial lighting. It is mentioned that the current shade
control behavioral  models can effectively predict  the occasions of shades’ lowering;
however  they  are  not  correct  when it  comes  to  the  raising  occasions.  The  possible
explanation that is given is that the lowering activity is linked to physical stimuli, while
the raising activity is related to psychological factors such as comfort. It is also cited
that occupants are not very fond of automatic shading controls; hence it is indented to
create the proper conditions for them, so as to increase their chance of adjusting the
shades.  The aforementioned paper presents the effect  that a subdivided window can
have on the users’ behavior and lighting energy consumption. In more detail, the upper
half part of the window has fixed lightshelves, while the lower half is equipped with
blinds that can be controlled by the users. It has become obvious from previous studies
that  daylight  delivery  systems  such  as  lightshelves  are  broadly  installed  in  side-lit
spaces for the redirection of sunlight and the admission of diffuse light indoors. They
can enhance the uniformity of daylight in a space and contribute to the reduction of
electricity  use.  However  their  performance is  influenced  by the ceiling’s  shape  and
height and the reflectivity and inclination of the lightshelf. Moreover, it has been found
that  among  various  innovative  daylight  delivery  systems,  lightshelves  are  the  most
reliable  and  effective  configuration,  while  a  combination  of  internal  and  external
lightshelves is considered a successful measure for adequate and uniform daylighting
and  for  limited  discomfort  glare,  especially  towards  south.  They  reduce  contrast
between the front and the back areas of a room, sacrificing at the same time part of the
illuminance levels, while they also lack to prevent glare effects. As far as the research’s
setting is  concerned,  the space was chosen as  a  potentially  well  daylit  space  and it
included 40 workplanes  with computers.  For  the  needs  of  the  study,  the room was
divided in two equal parts, the lightshelf zone and the original window zone. As already
described, the configuration in the first zone was characterized by fixed lightshelves
tilted at various angles at the upper half and by adjustable venetian blinds at the lower
half. The windows were divided following the recommendations for handling the upper
part as a “daylight” entrance part and the lower part for the “vision”. Concerning the
electric lights, the use of the fluorescent luminaries is monitored by data loggers that
regularly record the turning on and off.  The results  showed that  the lightshelf  zone
consumed half  of the lighting  electricity  that  was initially  consumed in the original
window zone (Sanati & Utzinger, 2013, p.72). In other words, the lightshelves led to 2h
less electricity use daily, with no major change in the occupants’ comfort. Moreover, it
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was shown that the case of a divided window in which the users can manage the lower
“vision” part offers better daylighting and higher energy savings than the case of unified
window. A disadvantage of the lightshelves was observed during overcast days, when
low levels of daylight were caused indoors. Last but not least, it is highlighted that it is
important to design and install a smooth and easily used shading control, since blinds
that  are  not  easily  accessible  influence  negatively the occupants’  intention  on using
them.
          Regarding locations with high levels of solar radiation,  such as Israel, the
favorable local climate conditions and natural lighting could be exploited more easily
towards energy savings and visual comfort in commercial spaces, like offices. In this
way, the installation of integrated glazing and shading systems would contribute to the
improved overall efficiency of the buildings, as well as to the enhanced lighting levels
and  visual  uniformity.  Ochoa  and  Capeluto  in  their  research  tested  three  different
systems  aiming  at  the  improvement  of  office  spaces’  conditions  by  means  of
daylighting. In more detail, the first condition included a basic sidelit office with a clear
double glazed window, which had the common materials that are broadly used in the
building practice. The second case was a horizontal lightshelf and the third was a light
concentrating system using parabolic mirrors. The software used for the modeling of the
systems was the Desktop Radiance. The researchers took into account the standards that
concern  Israel,  which  are  300lx  the  minimum and  4000lx  the  maximum  values  of
horizontal illuminance on the work surface. The study showed that the system with the
parabolic mirrors increased the lighting levels of all the available space in the room due
to its ability to redirect light, while the lightshelf decreased the contrast that was created
between the high intensity at the windows’ area and the lower intensity deeper inside
the room (Ochoa & Capeluto,  2006, p.1132).  For all  cases,  the effectiveness of the
systems decreased with distance (6-7m from the window) regardless the orientation,
while  at  a  greater  distance  (7-12m)  the  legal  standards  could  not  be met.  The first
condition served the purpose of a base-case that presented the necessities for shading
and  glare-reducing  devices.  Moreover,  the  lightshelf  system  helped  to  reduce  glare
significantly, while the parabolic concentrator contributed to the raising of illuminance
levels, especially in the north oriented spaces. The writers claim that, given the results,
it  can be stated that daylighting devices which operate in the same way as shadings
reduce  glare  effects,  when  the  sun  is  positioned  at  a  high  angle.  Furthermore,  the
concentrating systems can have reverse results causing glare indoors, when the sun is at
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a lower position. An additional conclusion is that lightshelf is a more reliable approach,
since it reduces the contrast between façade and deeper areas, but the illuminance levels
are slightly lower than those in the case of parabolic mirrors.
          It is generally accepted that windows in their typical form are currently and will
continue  to  constitute  the  major  diode  of  natural  light  into  buildings.  However,  by
nature,  windows  are  incapable  of  increasing  light’s  intensity  indoors,  as  well  as
providing shadow when needed e.g. in cases of overheating or glare. Therefore, various
new “pieces of equipment” have been investigated so as to be placed on the façade or to
be integrated with it. These types of techniques are considered useful basically under
four circumstances: 1) when a building is surrounded by large and tall obstacles, such as
other buildings,  2) when a space is  very deep, 3) when high levels of sunshine are
observed throughout the year in a location and there is a need for blocking part of the
sunlight,  or  4)  when  a  space’s  demands  for  lighting  are  strict,  e.g.  in  a  museum.
Additional factors such as ventilation,  shading and unobstructed view also affect the
efficiency of an advanced technique for handling natural light, hence it is quite rare for
one configuration to satisfy all the criteria simultaneously.
          The most usual and broadly investigated case for blocking extensive sunlight and
glare  are  the  adjustable  venetian  blinds  and  the  shading  louvers.  There  are  also
numerous configurations and design details that redirect sunlight towards the deepest
areas of a space,  enhancing the homogeneity of lighting indoors. Generally,  shading
louvers are placed at the external part of the windows, while the adjustable venetian
blinds are placed either at the internal part or in between of the windows. Moreover, the
configurations can be horizontal, vertical or curved, depending on the orientation of the
window and the function  of  the louvers.  An innovative  shape  is  the “fish” system,
which includes fixed blinds of triangular intersection. They prevent glare effects and
they  redirect  a  portion  of  sunlight  to  the  ceiling  of  the  space.  However,  the
disadvantages of this system are the limited external view and the need for additional
shading  for  the  prevention  of  undesired  heat  gains.  A  similar  system  that  can  be
integrated  with  the  glazed  surface  is  the  series  of  Okasolar  products  of  Okalux
Company. This system also consists of fixed blinds with a differently shaped triangular
intersection, which allows the redirection of sunlight to the ceiling during winter, while
it  offers  shading  in  summer.  Their  exact  shape  is  determined  by  the  latitude  of  a
location.  Meresi  in  her  study  lists  conclusions  from  various  researches  on  the
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installation  of  different  types  of  blinds:  1)  regarding  simple  venetian  blinds,  their
inclination  beyond  45°  does  not  offer  increased  glare  protection,  while  it  reduces
considerably the indoor lighting levels, 2) automatically adjusted venetian blinds can be
adapted to the local climatic conditions offering multiple benefits, 3) the “fish” system
permits greater amounts of sunlight to enter indoors than the venetian blinds at a closed
position, 4) inverted metallic venetian blinds, meaning blinds with the concave surface
facing  up and with  high  reflectiveness,  can  increase  the natural  lighting  of  a  space
especially during summer when sun’ position is high in the sky; although, they can also
lead to glare effects thus it is advised to be installed from two (2) meters height and
above,  5)  translucent  venetian  blinds  (permeability  below  10%)  with  the  concave
surface facing up have higher efficiency in summer and in the equinoxes, offering high
levels of lighting at the center and the back area of the space, compared to the usual case
of concave surface facing down (Meresi, 2010, p.67-68). As widely accepted, there are
also  other  configurations  for  shadings  such  as  shutters,  awnings  and  overhangs;
however their purpose is only to block sunlight and not to improve the quality of natural
light indoors.
          Light shelves are horizontal or inclined surfaces that serve a double purpose; they
redirect  sunlight  towards  the  deep  areas  of  a  room,  increasing  the  homogeneity  of
lighting  and  they  offer  shading  to  the  windows.  Their  installation  can  be  internal,
external or the combination of both. Despite the fact that they are considered advanced
systems for the enhancement of natural lighting conditions, they are actually easy to
construct solutions, already known centuries ago. They are usually installed at a higher
level  than that of the occupant’s eye,  to prevent glare  effects  due to  their  surfaces’
extensive reflectiveness. These surfaces can offer either diffuse reflectiveness, e.g. in
case  of  white  matt  surface,  or  mirror-type  reflectiveness,  e.g.  in  case  of  mirror  or
polished aluminum, or an intermediate reflectiveness, which probably constitutes the
ideal case. Moreover, in locations with generally high levels of sunshine and southern
windows, they are also used as shadings, even though this is not their main purpose.
          Prismatic  glass panels are thin planar jagged configurations,  usually fixed
between two glazings so as to be protected from dust, or even moveable like louvers.
For most of the times, they are used to redirect sunlight deeper in the space or to insert
greater  amounts  of  light  indoors,  while  they  reduce  the  brilliance  of  the  window.
Glazings  that  have  undergone  a  specific  laser  process  are  thin  acrylic  panels  with
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parallel  cutouts  created  by  a  laser.  These  cutouts  are  characterized  by  high
reflectiveness and they redirect sunlight towards the desired direction. They are used
either as a fixed shading for the windows, or as a fixed or moveable system for the
redirection of light, or as a combination of both. Furthermore, holographic glass panels
are utilizing the phenomenon of diffraction for the redirection of sunlight.  A special
membrane with thin stripes causes diffraction, which is the phenomenon that describes
the redirection of a wave that ceases to be transported in a straight line when it passes
through  a  slot.  This  membrane  is  placed  between  two  glass  panels.  The  system is
mainly used in Northern countries e.g. Germany, in north façades that have windows
blocked by external obstacles. Moreover, it can be used as a selective shading system
that blocks direct solar radiation while it permits indirect radiation to enter. Another
category of systems are the non-imaging systems that, by using the optical properties of
complex  parabolic  configurations,  they  concentrate  diffuse  light  coming  from  the
highest and brightest level of the sky. They transfer it at the deepest areas of a space
through  a  specular  channel  and  then  they  de-concentrate  light  indoors.  They  are
characterized by a complex geometry;  however  they are one of the most  promising
systems for the enhancement of lighting conditions in buildings. Solatubes are simple
constructions that help sunlight to reach the darkest areas of a room. They include a
transparent dome at the upper part, a specular tube for the radiation transfer and another
dome that diffuses light indoors. Solatubes’ efficiency is usually low due to their lack of
collecting large amounts  of light  and also due to the multiple  reflections  during the
transfer.
4.2 Control Strategies
          A study conducted in Istanbul examined the energy savings that could be gained
by using a daylight responsive control system, in comparison to a conventional lighting
system. The researchers described thoroughly the test office, including the orientation of
the openings, the features of the indoor space, the electrical lighting system, as well as
the location of the seven sensors placed in  the room.  The total  illumination  values,
meaning both daylight  and artificial  light,  are measured by the sensors and they are
recorded and stored every six minutes. Standards were set in the room for the purpose
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of the study, such as the fixed illumination level of 500lx on the working desk; when
daylight  levels were higher than this  value,  the electrical  lighting was automatically
turned off. Moreover, an experiment that set the illumination level of the working desk
at  500lx  showed that,  without  taking  into  account  daylighting,  the  recorded energy
consumption was 4.600Wh, which represents the consumed energy from a conventional
lighting system that is not automated.  Regarding the results, the energy savings that
occurred using a daylight responsive lighting control system were the following: 1) 20%
in December, while they reach 47% in June and July, 2) 21% in winter in general, 35%
in spring and 45% during summer, 3) 35% in clear days, while 16% in overcast days
(Onaygil & Guler, 2003, p.977). It is pointed out by the authors that the energy that is
saved over mixed days  almost  equals the energy conserved during clear  days.  As a
mean value, the energy savings could be around 30% by installing daylight responsive
lighting control system at climate conditions similar to those of Istanbul.
          A more recent study examined the lack of sharing information between the
various  existing  lighting  and  shading  systems  that  for  most  of  the  cases  operate
independently. Even though integrated control systems have been proposed aiming at
the  maximization  of  energy efficiency and  user  comfort,  there  are  still  problematic
issues  such as  quantitative  results  of  the  benefits  that  integrated  controls  may have
(Shen  et  al,  2014,  p.155).  Briefly,  a  co-simulation  platform was  developed  for  the
assessment of seven control strategies, with respect to different dynamic parameters e.g.
different climatic zones. Regarding the commercial buildings, it is noted that according
to the Buildings Energy Data Book, the energy that was consumed only for lighting in
2010 was more that 20% of the total energy consumed. Moreover, advanced lighting
controls, meaning electric lighting controls and blinds and also shades for daylighting,
offer a high potential for the reduction of energy use, carbon footprint and operating
costs, while, in addition, they can enhance occupants’ comfort conditions. Thus, it is
considered  critical  for  lighting  and  shading  systems  to  work  together  in  a
complementary  way,  in  order  to  create  a  comfortable  and  energy  efficient  visual
environment. Integrated systems include controls for artificial lighting and for blinds,
while  advanced controls can have extra features such as the ability to automatically
“learn” user preferences. The systems which are integrated with HVAC systems may
remarkably  affect  cooling  and  heating  loads.  Therefore,  Shen  et  al  aimed  at  the
quantification of independent and integrated control strategies and the comparison of
the daylighting and energy performance.  In more detail,  the seven control strategies
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(one  manual,  four  independent  and  two  integrated)  that  were  examined  are  the
following: 1) Manual control, which served as a base case for the comparison of energy
savings, 2) Independent open-loop blind and closed loop dimming control, in which the
artificial lighting is managed by occupancy sensors and photosensors, while the blinds
are  fully  deployed  and  they  are  managed  by  the  solar  position  and  angle,  and  3)
Independent  open-loop blind  and closed-loop  dimming  control  with  occupancy and
HVAC link,  which  is  the  same  as  the  previous,  having  added  two  more  features.
Generally, cooling loads (summer period) are reduced when the blinds are open during
night, because of the heat radiation towards outdoors and when the blinds are close
during daytime, since heat is blocked from entering indoors. The opposite is suggested
for  the  reduction  of  heating  loads  during  winter  period.  Two  more  independent
strategies  were  examined,  the:  4)  Independent  closed-loop  blind  and  closed-loop
dimming control, in which occupancy sensors and photosensors are introduced, and 5)
Independent  closed-loop blind,  closed-loop dimming,  occupancy sharing and HVAC
link, in which two more features were added from the previous strategy. Furthermore,
two more integrated control strategies were tested: the 6) fully integrated lighting and
daylight  control  with  blind  tilt  angle  control  without  blind  height  control,  which
operates opportunistically to integrate daylight with artificial light, avoiding discomfort
conditions from bright windows or dull interiors, and 7) fully integrated lighting and
daylight control with blind tilt  angle and height control, in which the blind height is
managed with an open-loop strategy in order to block direct sunlight at a determined
depth. As far as the building modeling and specific dynamic parameters are concerned,
SketchUp and EnergyPlus  were utilized and various parameters were investigated to
record  the  model’s  respective  reaction.  Three  different  geographical  locations,  two
types of blinds and two window-to-wall ratios composed twelve simulation cases. With
respect to the simulation process, Building Controls Virtual Test Bed (BCVTB) was
utilized  to  allow  the  simultaneous  operation  of  simulation  programs,  EnergyPlus
generated  and presented  the  building  energy performance  and Matlab  processed  the
algorithms of the occupancy models, leading to accurate input data. The seven control
strategies were assessed based on quantitative results and they were ranked according to
their energy and visual comfort performance. The results showed that strategies 6 and 7
(integrated  controls)  had  a  better  performance  than  the  rest  of  the  strategies
(independent). In more detail, they presented the best lighting performance; strat.6 had
the best cooling energy performance and visual comfort performance and it achieved
-48-
the lowest total energy, while strat.7 showed the best heating energy performance. In a
future  research,  the  authors  consider  to  use  Radiance  software  for  more  accurate
daylight simulation results.
          In occupancy sensors based systems, energy waste can be noticed comparing to a
manual system, since lights may be switched on automatically even when the daylight
levels are sufficient. Moreover, the users of rooms with occupancy sensors installed do
not usually turn the lights on and off, since they leave the control task to the sensors.
Hence, taking this habit into account, the energy savings coming from the occupancy
sensors can be reduced even by 30%, setting an example of the rebound effect that can
occur in buildings that have been energetically retrofitted. Therefore, Nagy et al came
up with the idea of an adaptive control strategy in order to control lighting in office
spaces. In more detail,  the researchers assessed an occupant centered lighting control
configuration, for which the time delay (TD) set-point is defined according to motion
sensor data and the behavior of the occupant. Respecting time delay,  it describes the
level of user activity which varies over time; it presents a trend that characterizes the
user  and  it  remains  constant  over  a  period  of  time.  It  is  proposed  that,  since  the
occupant’s behavior determines his/her personal TD, the occupancy sensor should be
accordingly adjusted to increase the potential  savings of energy.  After six weeks of
experiments in the offices of the authors, it was shown that the individual set-points
could be met quickly and lead to more than 37% of energy savings in comparison with a
standard setting control,  while compared to a worst-case setting control,  the savings
could exceed 73%. It is cited that the key benefits of the study are: 1) the simple setup
with only two sensors, 2) the real-case environment of the experiment and the multiple
users and 3) the applicability tests on different room types (Nagy et al, 2015, p.101).
Furthermore,  the  information  that  is  recorded  includes:  1)  the  level  of  light  in  the
spaces, 2) every motion detected by the occupancy sensor, 3) every manual adjustment
of the lights and 4) the status of the lights (on/off) logged every minute. It is stressed out
that  the  control  software  needs  only  the  aforementioned  input  to  run  in  order  to
determine the status of the lights, and no extra hardware or further action from the user
is required. The control is activated under three circumstances: 1) when the space is
unoccupied and the lights are on, the control will turn them off, 2) when the space is
occupied and the lights are off, the control will turn them on, 3) when the room is again
occupied and the lights  are  on,  however  the daylight  can cover  the needs,  thus  the
control  will  turn the lights  off.  As a conclusion,  an automatic  control  system could
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facilitate the occupants by excluding the manual control of lights, however it could also
cause  annoyance  and  discomfort  if  not  operate  properly.  Therefore,  aiming  at  the
balance of these conflicting targets, a lighting control strategy is proposed. It is adjusted
to the users’ habits, it presents high potential for lighting energy savings, its installation
is simple and it can interact with data deriving from the occupants’ actions and daylight
levels.
4.3 The Range of Lighting Options
          Considering the fact that electricity generation is the main source of greenhouse-
gas emissions that are related to energy, and lighting uses one fifth of this output, it is
obvious that the energy efficiency of electrical  light sources is impulsive.  To set  an
example, lighting is extremely inefficient, since the major part of lighting equipment’s
efficiency  ranges  from 5  to  20%,  while  most  of  the  electric  household  appliances
convert electricity to useful heat with a typical efficiency that exceeds 70% (Zhu, D. &
Humphreys,  C.J,  2012,  p.474-8).  Researchers  claim  that  probably  the  potential  for
remarkable energy savings is much higher in this area, than in any other field.
          The artificial lighting sources are categorized into a range of options, according to
their features. For the last 130 years, incandescent light bulbs have been the dominant
technology in the field. By using electricity, they heat a coiled tungsten wire inside a
glass  bulb,  which  is  filled  with  inert  gas  or  it  is  evacuated.  The  wire  reaches  a
temperature of approximately 3.500K and glows. They can convert only about 5-10% of
the input electricity to light, while the rest is emitted as heat. They have low efficacy
(about  15lm/W)  and  short  lifetime  (about  1.000h).  They  are  broadly  preferred,
especially for domestic uses, due to their very satisfying rendering of colors.
          Fluorescent tubes consist of a glass tube that is filled with an inert gas, most of
the times argon, and mercury. Electric current passes though the electrons at the ends of
the tube, it excites them in the mercury vapor and afterwards ultraviolet light is emitted,
when the electrons relax. Phosphor coating that is placed inside the tube is excited by
UV light, resulting in visible light. These sources have longer lifetimes compared to the
previous  category  (about  7.500-30.000h),  higher  efficacy  (about  60-100  lm/W)  and
higher efficiency (approx. 25%).
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          Furthermore, compact fluorescent lamps (CFLs) consist of two, four, or six small
fluorescent tubes, in either straight or coiled form. Their efficacy is around 35-80 lm/W
and their typical efficiency 20%. Respecting the color rendering, warmer white light is
available. The lifetime ranges between 6.000 and 15.000h; although the frequent turning
on and off can shorten their lifetime period. Their main advantage is their efficiency,
while their major drawback is the mercury content; if not recycled or disposed properly,
there are serious contamination risks.
          Lighting applications that use LEDs, organic LEDs (OLEDs) or polymer LEDs
are  commonly  mentioned  as  solid-state  lighting  (SSL).  SSL  is  predicted  to  bring
revolution in the lighting industry, since the sector is rapidly evolving, promising lower
energy consumption and reduced maintenance. Light-emitting diodes (LEDs) use thin
layers of semiconductors, either organic or inorganic, in order to convert electricity into
light.  The best white LEDs (inorganic) that  are commercially available  have typical
efficiency 30%, while their efficacy exceeds 100lm/W. Their lifetime is estimated to be
around 100.000h and remains unaffected by the frequent turning on and off. Despite the
fact that OLEDs and LEDs can be used for the same applications, they are basically
different light sources. OLEDs are less intense diffuse light sources, while LEDs belong
to the intense point sources. In addition, OLEDs are light-weighted, larger and foldable,
while LEDs are rigid and small.
4.4 Lighting Design & Space Parameters
          From electric lighting’s beginnings, people who were involved in the sector
realized that they had to combine art with science,  or in other words, function with
appearance. The usual case in offices and commercial spaces is, even in good quality
and modern  lighting installations,  the placement  of  repeated  ceiling  luminaries  with
luminous  intensity  distribution  that  prevents  glare  effects.  The  designed  array  and
details aim at providing a nearly uniform horizontal working plane illuminance, so as to
offer  optimum  working  conditions  to  the  occupants.  Nevertheless,  this  kind  of
installations  may  achieve  to  provide  uniform  lighting  conditions,  even  at  specific
locations where it is not needed, thus leads to energy waste (Loe, 2009, p.213).
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          Efthymiatos in his study proposes and validates various numbers linked to room
parameters  that  could  be  useful  for  space  designers,  so  as  to  form the  appropriate
impression of the effects that the solution they would implement have on the lighting
energy use. It is stated that the influence of space parameters, such as dimensions and
reflectance values can be estimated for the assessment of lighting efficiency in design.
The influence is characterized by the utilance of the installation, which can be expressed
as the ratio of the flux that is received on a reference surface to the flux of the installed
luminary. As a result of studies on numerous rooms, it was shown that if the ratio of the
number of luminaries that are placed lengthwise to the number of those that are placed
crosswise equals the ratio of the respective lengths and, also, if the wall proximities are
half of the corresponding spacing, then the correction factor will be equal to 1, meaning
a compromise between comfort and cost (Efthymiatos, 1980, p.283).
          For most of the cases, a thorough and detailed assessment of a commercial space
includes various parameters  that affect  the resulting conditions.  To name a few, the
building’s  location  and  orientation,  the  size  and  features  of  the  openings,  the
construction’s  materials  and their  characteristics,  the number  of  occupants  and their
habits, as well as the installed active systems and other pieces of equipment have an
impact on the indoor environmental quality. These space parameters contribute to the
energy waste or savings of the building and determine the indoor environmental quality
in terms of comfort conditions. More precisely, an oversized window facing south does
not lead straight to ideal indoor conditions; the presence, absence and state of shadings
influence the optical comfort and their control could prevent undesired effects, such as
glare.  Although,  the  abundance  of  incident  daylight  could  be  counterproductive
concerning the high heat loads that would need high cooling loads to set a balance at the
thermal comfort.
          When the goal is to make suggestions and examine how proposed measures
would alter  the existing conditions of a space, it  is important to have determined in
advance  the  thermal,  optical,  acoustical  comfort  and  indoor  air  quality  (IAQ).
Therefore,  even  though  this  work  aims  to  establish  a  methodology  regarding  the
assessment and enhancement of indoor lighting conditions and energy savings mainly
based on daylighting exploitation, it is considered vital to examine the space as a total,
since in real cases aiming at  the aforementioned goal  would not exclude indoor air
velocity,  temperature and relative humidity that play an important role in the indoor
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comfort conditions. The following chapter presents a case study, in which the indoor
environmental quality is taken into consideration and, by means of shadings’ proposals,
the  resulted  optical  comfort,  as  well  as  thermal,  comfort  and  indoor  air  quality
conditions are evaluated.
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5 Case Study
5.1 Description of the Examined Building
          A representative specimen of an office building in Thessaloniki has been selected
in order to be evaluated with respect to its behavior towards lighting. The building is
located at the western part of the city,  in an area of both residential and commercial
building uses and multiple office spaces. Considering the fact that a large amount of the
city’s office building stock is dated at the recent 90s and the majority of them lack to
exploit  or deal properly with daylight,  it  has been decided to examine the case of a
typical  office  building  in  a  Mediterranean city  and to  assess  its  potential  in  energy
savings concerning lighting.  It  is  taken as granted that  the aforementioned date,  i.e.
around 90s, is considered ideal for the purpose of this paper, since the constructions
from this date and on are less likely to be demolished, while at the same time proper
retrofitting could possibly enhance their energy efficiency at a high extend.
Fig.  34  : Photographs of the case study’s existing office building
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          The southwestern façade faces a main road with high traffic and the surrounding
building obstacles are considered to be at a large distance, which does not affect the
examined building’s shading for the needs of this study. Fig.1 shows the façades and the
appearance of the office building, while in fig.2 the typical floor plan organization is
depicted. The area of 600 sq. m. includes several office desks and storage shelves in an
open space,  four  WC rooms,  two storage rooms,  two stairwell  spaces,  two elevator
spaces, an entrance space and a semi-outdoor space.
Fig.  35  : Typical floor plan of the office building
5.2 Measurements
          In the context of this case study, several measurements have been recorded and
analyzed, in order to determine the exact thermal, comfort and lighting conditions of the
existing office space.
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5.3 Equipment Description and Positioning
          The thermal, comfort and lighting conditions in the second (2nd) floor of the office
building  in  Monastiriou  str.,  Thessaloniki,  have  been  assessed  by  the  following
measuring  installations.  Two Onset HOBO temperature/  RH data loggers have been
placed  in  two  different  points  in  space.  They  recorded  17-days’  temperature  and
humidity data and logged the recordings in their embedded memory, as shown in fig.3.
 
Fig.  36  : The Onset HOBO temperature/ RH loggers
          Moreover, the lighting conditions have been evaluated in two different points in
space simultaneously by two lux meters, as shown in fig.4. The model that has been
used  is  Testo  540 light  meter,  which  is  quick  and  easy  to  use  for  measuring  light
intensity in a workplace. It can measure both artificial and natural light. The sensor is
adapted  to  the  spectral  sensitivity  of  the  human  eye  and  it  can  present  the  hold,
minimum and maximum values. The lux meter’s measuring range is 0-99.999 lx, with
an accuracy of ±3 lx or ±3% and the measuring rate is 0,5 sec.
 
Fig.  37  : The Testo 540 light’s intensity meters
-56-
          In addition, a comfort meter has been temporarily installed for the assessment of
the overall  thermal and comfort conditions in the office space, as presented in fig.5.
Various  components  were  included.  The  main  component  was  Testo  480 –  Digital
temperature,  humidity  and  air  flow  meter;  it  comes  with  a  wide  range  of  optional
sensors that allow  measurement, analysis and  logging of a variety of parameters with
only one device. A high-precision humidity/ temperature probe (diameter 12 mm) by
Testo has been adjusted for ultra-precise humidity measurements. It is suitable for use
in  storage,  refrigerated  and work areas,  and also  in  air-conditioning  and ventilation
ducts. It has measuring range -20 to +70°C and 0 to 100% RH, and accuracy ±0,2°C
and 1,0% RH. The comfort probe for turbulence measurements has been added, as it is
ideally  suited  for  determining  the  indoor  air  turbulence  according  to  EN 13779.  It
assesses the air velocity and drought risk, while it has an intelligent calibration concept.
The measuring range is 0 to +5 m/s and the accuracy 0,03 m/s. Moreover, indoor air
quality probe for CO₂, temperature, humidity and absolute pressure has been adjusted to
the instrument for evaluating the indoor air quality. The four functions can offer rapid
evaluation of the indoor climate and lead to the prevention of poor air quality via CO₂
measurement. Regarding ambient CO₂, the measuring range is 0 to 10.000 ppm, while
the  accuracy  ranges  between  ±75  ppm  to  ±150  ppm.  Furthermore,  the  globe
thermometer (TC type K) has been used for the measurement of radiant heat, in the
context  of  comfort  level  assessment  at  the workplace.  The measuring  range is  0  to
+120°C and the accuracy is characterized as “class 1”.
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 Fig.  38  : Testo comfort meter instrument with the adjusted probes
          The measuring instruments have been placed in five different points in space, as
shown in fig.6. The darker gray area depicts the specific area that has been assessed.
Fig.  39  : The positioning of measuring instruments in the office space
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5.4 Measurement Results
          As far as the results are concerned, the two temperature/ humidity loggers have
been  recording  measurements  for  seventeen  (17)  days  without  interruption  at  two
different spots in space. The assessment period was 4-20/11/2015. The humidity (RH)
measurements  of  logger  no.1  kept  fluctuating,  ranging  from  minimum  27,72%  to
maximum 48,37%, with an average of 43,33%, among the 4602 values, as presented in
fig.7.  The  temperature  measurements  of  the  same  logger  ranged  from  minimum
21,61°C to maximum 28,97°C, with an average of 24,28°C, among the 4602 values.
Fig.  40  : The record of Temp/RH logger no.1 (logging period 4-20/11/2015)
          Furthermore,  the  humidity  (RH) measurements  of  logger  no.2  also  kept
fluctuating, ranging from minimum 32,55% to maximum 52,11%, with an average of
45,58%, among the 4602 values, as presented in fig.8. The temperature measurements
of  the  same  logger  ranged  from minimum 21,04°C to  maximum 28,50°C,  with  an
average of 23,71°C, among the 4602 values.
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Fig.  41  : The record of Temp/RH logger no.2 (logging period 4-20/11/2015)
          The following chart, fig.9, presents the measurements that have been recorded by
the  two  Testo  luxmeters,  located  in  two  different  positions.  The  assessment  of
illuminance lasted one day and it has been manually controlled, since there were no
integrated loggers in the instruments. The assessment has been conducted on 5/11/2015
and  it  included  three  distinct  hourly  groups  of  2-minute  measurements  every  10
minutes. It can easily be observed that, due to ephemeral and partial clouds’ appearance
on a generally shiny and bright day, large fluctuations have been recorded. Concerning
the device located at the center of the office, the overall maximum value is 505 lx at
10:00 hours and the overall minimum is 34 lx at 17:00 hours among the 21 recorded
values.  The  device  that  was  located  closer  to  the  curtain  wall  recorded  an  overall
maximum value of 10.774 lx at 13:20 hours and an overall minimum value of 151 lx at
16:00 hours among the 21 recorded values.
          It is obvious that at the center of the office, meaning at 6-7m distance from the
curtain  wall,  the  range  of  the  recorded  illuminance  values  does  not  fluctuate
prominently; on the contrary it follows a steady pattern, decreasing with time. On the
other hand, closer to the curtain wall, at 1-2m distance, high range variation has been
noted.  High  illuminance  values  that  exceed  10.000lx  have  been  recorded  during
morning  hours,  while  the  occasional  appearance  of  clouds  led  to  sudden decreases,
reaching  values  below  2.000lx.  The  overall  ups  and  downs  of  the  recorded  values
decrease, also in this case, with time.
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Fig.  42  : The recordings of the two Testo Luxmeters (logging day 5/11/2015)
          As far as the comfort meter is concerned, numerous measurements have been
recorded. Figures 10 and 11 present recordings during the period 11-18/11/2015. The
uninterrupted measurements resulted in the following values: wind velocity’s maximum
0,02m/s, minimum 0,0m/s and mean 0,0m/s (probe -332), relative humidity’s maximum
50,9%, minimum 30,1% and mean 45,2% (probe -827), relative humidity’s maximum
52,9%,  minimum  29,9%  and  mean  47,2%  (probe  -986),  temperature’s  maximum
30,6°C,  minimum  23,8°C  and  mean  26,0°C  (probe  -332),  temperature’s  maximum
30,8°C,  minimum  22,9°C  and  mean  25,1°C  (probe  -827),  temperature’s  maximum
30,3°C, minimum 22,3°C and mean 24,7°C (probe -986).  The total  values recorded
were  2018.  It  can  easily  be  observed  that  the  three  different  probes  that  measure
temperature, as well as the two different probes that assess relative humidity, measure
slightly different values resulting in maximum discrepancies ±2,0% and ±1,5°C.
          For the same time period,  the uninterrupted  measurements  resulted in the
following values, regarding CO₂ assessment (probe -827). The maximum value reached
925ppm, the minimum 415ppm, while the average is calculated to be 562ppm. The total
values recorded were also 2018.
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Fig.  43  : Testo Comfort meter’s velocity, temperature and relative humidity results
(logging period 11-18/11/2015)
Fig.  44  : Testo Comfort meter’s CO₂ results (logging period 11-18/11/2015)
          Additional measurements have been registered during the period 18-20/11/2015.
For  two  days  the  comfort  conditions  in  the  office  space  have  been  assessed  and
presented by PMV and PPD calculations, as shown in figures 12 and 13. Regarding the
calculations of PMV, among the 573 recorded values, the maximum registered value is
1,68, the minimum is -0,05, while the average is 0,47. It is clear that the highest values
have been recorded in the afternoon (14:35 hours), around 1,30 during the first day and
exceeding 1,60 during the second day; the lowest values have been registered in the
early morning (7:30 hours), -0,05 the first day and around -0,01 the next day. In general,
the curve follows the expected path, with the highest and lowest records linked to the
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sun’s position and daylighting. In other words, the abundance of daylight during early
afternoon hours leads to high PMV results leading to “warm” sensation”, while the total
building’s discharge of the thermal gains throughout the preceding day leads to low
PMV results during early morning, indicating almost “neutral” sensation.
Fig.  45  : Testo Comfort meter’s Predicted Mean Vote calculation results
(logging period 18-20/11/2015)
          Concerning the calculations of PPD, the general trend agrees with PMV’s results.
The maximum registered value, among the 573 in total, is 60,4%, the minimum 5,0%
and the average 13,9%. It can be observed that the percentage of dissatisfaction exceeds
10% during daytime, while during evening and night hours (19:00 – 10:00 hours) lower
values have been calculated.
Fig. 46: Testo Comfort meter’s Percentage of People Dissatisfied calculation results
(logging period 18-20/11/2015)
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5.5 Measurement Conclusions
          Three types of measuring instruments have been temporarily installed in different
spots in the office space for the assessment of the existing thermal, comfort and lighting
conditions. The assessment has been conducted during November 2015 with successive
recordings. Two temperature/ humidity loggers have been recording data for seventeen
days.  The  mean  values  of  the  recordings  have  been  43,3%  relative  humidity  and
24,28°C  temperature  for  logger  no.1  and  45,58%  relative  humidity  and  23,71°C
temperature for logger no.2. Moreover, two luxmeters have been utilized for the manual
recording of illuminance. Concerning the device that was placed close to the curtain
wall, the highest value noticed was 10.774 lx, while the lowest was 151 lx. Deeper in
space, the highest recorded value was 505 lx and the lowest 34 lx. These observations
led to the conclusion that the area close to the curtain wall, meaning at 1-2m distance, is
highly affected by the fluctuations of direct sunlight, since in case of clouds’ appearance
the high values drop instantly and sharply. On the contrary, areas deeper in space, i.e. at
6-7m distance from the façade, are less affected by sudden daylight fluctuations, due to
the fact that direct daylight does not reach these areas, leading to steadier illuminance
values. Furthermore, the comfort meter included various probes that offered numerous
indications  linked  to  the  indoor  conditions.  The  following  mean  values  have  been
calculated: for wind velocity 0,00 m/s (probe -332), for relative humidity 45,2% (probe
-827) and 47,2 (probe -986), for temperature 26,0°C (probe -332), 25,1°C (probe -827)
and 24,7°C (probe 986). The discrepancies among the probes were ±2,0% and ±1,5°C.
The CO₂ assessment  resulted in  the average value 562ppm.  For two days,  only the
comfort conditions have been reviewed and the results showed average PMV 0,47 and
average PPD 13,9%.
          Additional charts, as well as abstracts, from various measurements’ logging, can
be found in Appendix 1.
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5.6 Simulation Study
5.7 Settings
          In order to quantify the existing comfort, as well as thermal and daylighting
conditions of the virtually created typical office space, software Ecotect Analysis 2011
has  been  used.  Firstly,  the  3d  geometry  of  the  storey  was  recreated  in  ArchiCAD
software (.pln file), along with its real-sized components, such as the actual dimensions
of the windows and the actual wall thickness. Afterwards, the geometry was properly
prepared and exported as a different type of file (.gbXML file), so as to transfer not only
the CAD geometry, but also the generated thermal zones, however as a very clean and
easy to work with import. Having imported it to Ecotect (.eco file), various verification
processes had to be conducted, such as the checking of linked or unlinked geometry,
since if the openings were not linked properly, they would not be calculated correctly.
Moreover, each component comprised of different surfaces, which should be correctly
oriented according to their exterior and interior space. An additional overall calculation
of the inter-zonal adjacencies had to be done in order to conduct the analyses correctly.
          The suitable weather file for Thessaloniki’s weather data (.wea file) was imported
to the program’s library and the project’s North offset was set 30.0°, in accordance with
the site’s specifics, while the local terrain was set to “Urban”. The zones’ properties
were adjusted according to their specific characteristics and T.O.T.E.E. 20701-1/2010.
For all zones the design level of clothing worn was defined as “light business suit – 1.0
clo”  and the  hourly  occupancy,  heat  gain  and ventilation  schedule  was edited  with
respect  to  actual  data  from  in  situ  observations,  involving  the  standard  weekdays,
weekends and public holidays. The “office” zone’s relative humidity was set to 40%
and the air speed to “barely noticeable 0,3 m/s from in situ observations. The lighting
level was set to 500lx, the occupancy was calculated as that of an open office space (27
people in this case), the activity was set to 80W and, regarding the internal gains from
lights and equipment, the sensible gains were set to 15 W/m² and the latent gains 4,5
W/m² respectively.  The type of active system was set as “full air conditioning” with
92% efficiency, the thermostat temperature ranged from lower band 20°C to upper band
26°C and the hours of operation were Monday – Friday, 7:00 – 18:00. The “bathroom”
zone’s relative humidity was set to 45% and the air speed to “barely noticeable 0,3 m/s
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from in situ observations. The lighting level was set to 200lx, the occupancy was set to
2 people, the activity was set to 90W and, regarding the internal gains from lights and
equipment,  the  sensible  gains  were  set  to  2  W/m²  and  the  latent  gains  0,5  W/m²
respectively.  The type  of active  system was set  as  “none”,  the comfort  temperature
ranged from lower band 22°C to upper band 26°C and the hours of operation were
Monday – Friday, 7:00 – 18:00. The “storage” zone’s relative humidity was set to 45%
and the air speed to “barely noticeable 0,3 m/s from in situ observations. The lighting
level was set to 150lx, the occupancy was set to 2 people, the activity was set to 75W
and, regarding the internal gains from lights and equipment, the sensible gains were set
to 2 W/m² and the latent gains 0,5 W/m² respectively. The type of active system was set
as “none”, the comfort temperature ranged from lower band 20°C to upper band 26°C
and the hours of operation were Monday – Friday, 7:00 – 18:00.
          Regarding the selection  of materials,  each material,  along with its  default
attributes  from  the  software,  was  assigned  to  the  different  element  types.  More
precisely, the floors and ceilings were set to have a “concrete slab with tiles” material
with U-value 0,70 W/m²K, the walls had U-value 0,70 W/m²K and they were of mixed
construction of reinforced concrete and double brick, while the windows and doors had
a “double glazed aluminum frame” material  of U-value 4,1 W/m²K. Concerning the
artificial lighting, a typical array of linear fluorescent luminaries was recreated at 2,5 x
2,5 m distance.  For  the  calculations,  the  photometric  file  (.ies  file)  of  PMX Series
luminary  from Cooper  Industries  was  downloaded and it  was  assigned as  the  light
sources’ material.
          The following step after the basic settings was to import the geometry of the
existing vertical venetian blinds (.3ds file) as partitions and to integrate it in the “office”
zone, assigning to it a thick white fabric material.
5.8 Comfort and Thermal Conditions
          An analysis grid has been automatically developed by the software so as to define
the  space  that  would  be  taken  into  account  for  the  calculations.  The  grid  system
extended  to  the  entire  area  of  the  examined  thermal  zones  and  it  was  arranged  in
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rectangular cells of dimensions 0,7 x 1,0 m. The horizontal level expanded 0,7 m from
the floor level (offset from XY axis).
          Having prepared the existing case, which will be referred to as “Base Case”, a
comfort analysis  has been done to better understand and record the existing comfort
conditions. As shown in fig.14, the calculated Predicted Mean Vote (PMV) reaches the
value of 2,5 for the open office space,  which in the sensation scale  is  translated  as
“warm”  (value  =  2)  to  “hot”  (value  =  3),  exceeding  by  far  the  recommended  as
“neutral” -0,5 to +0,5 values. Moreover, as presented in fig.15, the Predicted Percentage
of Dissatisfied (PPD) exceeds 100% (calculated value = 108%) in the open office space,
which means that all occupants are dissatisfied with the existing thermal conditions. It
should be noted that,  according to  ASHRAE 55, the recommended acceptable  PPD
range is less than 10% for interior spaces.
Fig.  47  : Existing state’s thermal comfort indicated by PMV
Fig.  48  : Existing state’s thermal comfort indicated by Percent Dissatisfaction
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          Thermal analysis’s results are presented in the following figures 16 and 17. It can
be  observed  that,  taking  into  account  all  thermal  zones,  the  cooling  loads  are
considerably high especially during summertime; in July they reach their highest load
exceeding 4000 kWh. On the other hand, the monthly heating loads are not very high,
having a peak value of around 3,3 kWh in February. In more detail, the major part of
the losses is estimated to occur through the fabric of the building due to conduction
reaching 72,9%, the solar gains are calculated around 6,7% and the inter-zonal losses
account for 18,6%. Additional thermal analysis’s results linked to the “Base Case” can
be found in Appendix 2a.
Fig.  49  : “Base Case’s” monthly heating and cooling loads for all thermal zones
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Fig.  50  : “Base Case’s” passive gains breakdown for all thermal zones
5.9 Natural and Electric Lighting Levels
          Afterwards, the lighting analysis has been done for the calculation of the overall
daylight and electric light levels, meaning the consideration of both natural light levels
and  the  contribution  of  electric  lights  that  are  placed  in  the  model.  As  already
mentioned, the simulation model includes an array of artificial lighting luminaries, i.e.
linear fluorescent luminaries (57 in total) with fixed cell louvers, which are considered
an ideal solution for computer environments and open office areas. The following fig.
18 presents on the left the actual luminary that is placed in the office space and on the
right the one that was used for the model’s calculations.
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 Fig.  51  : Existing electric light luminary (left) and type of artificial lighting used in the
calculations (right)
          Concerning the shadings, each window including the façade’s curtain wall is
shaded by interior vertical venetian blinds of thick white fabric, which are manually
adjusted. For the calculations, they are considered constantly open at 90°, as shown in
the following fig.19. The curtain wall as observed from indoors is divided in two equal
parts  to  the  vertical  axis,  with  aluminum  frame  without  thermal  break  (horizontal
spacing = 0,8 m) and double glazing of clear glass from inside-out and mirror glass
from outside-in.
Fig.  52  : Calculated geometry of open at 90° vertical venetian blinds for the “Base Case”
          Furthermore, the lighting analysis showed that the interior area adjacent to the
curtain wall reaches very high daylighting levels of 1000+lx, while the offset area at 1-
2m distance from the façade has sufficient values for office work, as shown in fig.20.
The deeper than 2m distance areas have values of 100-200lx, which are not sufficient,
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hence there are plenty and densely placed electric lights to increase the overall lighting
levels, as presented in fig.21.
Fig.  53  : Existing state’s lighting analysis presenting the daylighting levels
Fig.  54  : Existing state’s lighting analysis presenting the overall light levels
          It can be observed that by means of artificial lighting, sufficient lighting levels of
around 600lx are established throughout the major part of the open space, satisfying the
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occupants’ needs. Additional lighting analysis’s diagrams linked to the “Base Case” can
be found in Appendix 2a.
          However, the results from the previously described thermal analysis highlight the
need  for  cooling  loads  reduction  through  the  balancing  of  losses  –  gains  relation.
Therefore,  mainly  by  cutting  down  the  number  of  installed  artificial  lights  and
evaluating shadings’ design proposals, this study intends to examine and present how
various  configurations  affect  the  energy  efficiency  and  indoor  conditions  of  the
examined office space. Moreover, various troublesome situations should be resolved,
aiming  at  the  enhancement  of  comfort  conditions  and the  establishment  of  uniform
lighting  conditions,  upgrading the  occupants’  working environment,  improving  their
productiveness and preventing glare effects, by exploiting daylighting.
5.10 Design Proposal
          Aiming at both the reduction of energy consumption and improved indoor
lighting conditions,  two design proposals have been integrated in the “Base Case’s”
curtain wall, removing the existing internal vertical venetian blinds. Initially, prompted
by literature review’s findings, the first geometry that was tested included the division
of the upper part of the curtain wall (height 1,5m – 3,0m) in two subparts. The lower
half  subpart  (height  1,5m  –  2,25m)  included  internal  horizontal  venetian  blinds
manually adjusted with the concave surface facing upwards, which contradicts the usual
case and could possibly increase the lighting levels and uniformity indoors. The upper
half  subpart  (height  2,25m – 3,0m)  included  external  horizontal  shading  louvers  of
0,30m depth and 0,15m offset from the façade, which with proper finish and reflectance
could offer both shading at the areas close to the façade and also reflect daylight deeper
in space. However, the first results of this configuration were not satisfying, since they
offered imperceptible changes. Therefore, the “Shading Design Wizard” of Ecotect was
utilized  to  generate  an  optimized shading device,  by proposing the area  that  highly
needs to be taken into consideration for the exact window’s shading. It became obvious
that, as also suggested in literature, the lightshelves’ and the redirection devices’ depth
should be sized as approximately the height above the intended for shading surface (in
this case desk level height of 0,75m). Hence, the suggested depth was around 1,5m,
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quite  larger  than  the  geometry  previously  tested.  After  numerous  trials  of  different
versions of shading systems, varying in depth, distance from the curtain wall, spacing,
intersection design, inclination, curvature and materiality, the following two solutions
will  be  presented  in  terms  of  energy savings,  lighting  conditions  improvement  and
feasibility.
          The goal was to achieve the desired conditions by spacing out the array of
artificial lights, reducing their amount and energy consumption. The internal gains from
office equipment and occupants are considered constant,  while the cooling loads are
intended to be diminished by less electric lights and the installation of a shading system.
5.11 Proposed Design “Case 01”
          By cutting down the number of artificial light sources (from the initial 57 to 26),
it has been intended to reduce the lighting electricity consumption by more than half.
Simultaneously,  installing  a  shading system on the  curtain  wall  façade  would  offer
shading at the front area of the office space,  reducing the overall needs for cooling,
especially  during  summer  months.  “Case  01”  includes  the  installation  of  a  shading
system with exterior curved horizontal louvers. The geometry that was imported had 14
louvers of 0,50m depth and plastic material, placed at 0,30m distance from the curtain
wall and the concave surface was facing upwards, in order to work also as a redirecting
device, by gathering and reflecting more sunlight indoors, as presented in fig.22. The
zone properties remained the same with the previous case, however only the type of
thermal active system of the “office” zone was altered from “fully air conditioning” to
“mixed-mode system”, supposing that in this case the occupants enhance the ventilation
conditions. “Mixed-mode” system refers to a hybrid approach of space conditioning that
combines natural ventilation from the manual or automatic control of windows’ opening
and  also  mechanical  systems  that  handle the  air  distribution  and  refrigeration  for
cooling.
          Moreover, the properties of the elements’ materials were edited from the default
values that were initially assigned by the software, to the minimum acceptable values
according to T.O.T.E.E. 20701-1/2010. Hence, the U-value of the walls has been set to
0,45 W/m²K and the U-value of floors and ceilings to 0,40 W/m²K. In addition, it is
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proposed to replace the existing windows and doors of aluminum frame double glazing
without thermal break having a U-value 4,1 W/m²K, with new ones of aluminum frame
24mm thermal break double glazing having a U-value 3,0 W/m²K. Retaining the rest of
the  parameters  constant,  the  comfort,  thermal  and  lighting  analyses  have  been
recalculated. It should be noted that, since the occupancy schedule is the same and the
working conditions in an open office space include continuous motion, the installation
of occupancy sensors is not suggested, because it is considered that it would not be of
use.  Also,  no  dimming  automation  is  suggested  due  to  various  studies’  results  that
recorded users’ annoyance.
Fig.  55  : Calculated geometry of exterior curved horizontal louvers for “Case 01”
          The following diagram presents the simulated comfort conditions indicated by
Predicted Mean Vote (PMV), as calculated for “Case 01”. Comparing to the previous
case, a slight enhancement of the comfort state has been achieved, yet the results are not
satisfying,  since  according to  the  sensation  scale,  the  indoor  conditions  can  still  be
sensed as “warm” to “hot” (value approx. 2,40). Additional thermal comfort analysis’s
diagrams linked to the “Case 01” can be found in Appendix 2b.
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Fig.  56  : “Case’s 01” thermal comfort indicated by PMV
          Concerning the thermal analysis of “Case 01”, the monthly heating and cooling
loads fluctuate throughout the year, reaching the peak heating value of more than 16
kWh in February and the peak cooling  value  of  more  than  29,5 kWh in July.  The
highest monthly total load is recorded in July, exceeding 3.500 kWh, while the overall
load throughout the year is calculated to be around 15.000 kWh. The yearly fluctuation
of heating and cooling loads is shown in fig.24.
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Fig.  57  : “Case’s 01” monthly heating and cooling loads for all thermal zones
          Furthermore, the following fig.25 presents the passive gains breakdown in detail,
indicating that the highest losses derive from the fabric due to conduction exceeding
80%, while the second highest losses are linked to inter-zonal relations. The internal
gains are  the highest  with a value of more  than 67%. Additional  thermal  analysis’s
results linked to the “Case 01” can be found in Appendix 2b.
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Fig.  58  : “Case’s 01” passive gains breakdown for all thermal zones
          Afterwards, the lighting analysis  has been conducted to assess whether the
installation  of  the  specific  external  louvers  affected  and to  what  extend the  interior
lighting levels. As it can be observed from fig.26 and 27, the daylighting levels slightly
increased compared to the “Base Case”, having an average value of 200-300 lx for the
major  part  of  the  open space.  However,  taking  also  into  consideration  the  artificial
lights, it  is obvious that the louvers’ redirection properties do not achieve satisfying
levels at the deeper front area, leaving a part poorly lit, while, in addition, very high
levels  close to the curtain wall are not avoided, hence glare effects still appear. More
diagrams resulting from the lighting analysis that are linked to “Case 01” can be found
in Appendix 2b.
Fig.  59  : “Case’s 01” lighting analysis presenting the daylighting levels
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Fig.  60  : “Case’s 01” lighting analysis presenting the overall lighting levels
5.12 Proposed Design “Case 02”
          Returning to the suggested dimensions as the outcome of the “Shading Design
Wizard”, it has been decided to assess the effect of a shading device with greater depth.
However, a newly installed shading system at the building’s façade should not be at a
great distance from it due to building regulations. Hence, the geometry that has been
tested included a large lightshelf  of 1,5m depth,  the greater  part  of which has been
placed  indoors.  “Case  02”  has  been  initially  thought  of  as  a  combination  of  both
externally placed horizontal louvers and a larger lightshelf of specific intersection, since
as it became obvious from the literature, the co-integration of various techniques could
lead to higher energy savings. Nevertheless, after the first analyses’ results, it has been
decided to examine thoroughly the installation of only a large lightshelf and omit the
other two cases, which are presented in fig.28.
          The intersection of the lightshelf has been designed so as to collect and redirect
sunlight to the ceiling of the open space. The upper side of the 1,5m depth lightshelf is
shaped by a concave surface of high reflectance, while the lower side is formed by a
straight plane. The lightshelf is placed at 2,20m height and at 10° inclination, in order
-78-
not to block either circulation or view of the occupants and to permit more sunlight to
enter compared to a horizontal position.
          Additional changes in “Case 02” include the alteration of walls’ U-value from
0,45 to 0,35 W/m²K that can be achieved with insulation placement and the replacement
of  the  previous  case’s  windows  with  U-value  3,0  W/m²K  by  new low-E windows
having U-value 2,41 W/m²K. Moreover, taking into consideration “Case’s 01” lighting
analysis results, it has been decided to add another row of artificial lights to increase the
lighting levels at the office desk area. A different photometric file was assigned to the
light sources; 22DS LED straight and narrow from Cooper Industries has been selected
to replace the existing lights and afterwards assess the new results.
    
Fig.  61  : Calculated geometry of (a)combination of horizontal louvers and lightshelf,
(b)combined configuration with less louvers and (c)only lightshelf for the “Case 02”
          The analysis of comfort conditions has resulted in similar conditions to the
previous case, as shown in fig.29.
Fig.  62  : “Case’s 02” thermal comfort indicated by PMV
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          Considering the results of the thermal analysis, as presented in the following
fig.30 and 31, it can be observed that “Case’s 02” total cooling and heating loads exceed
10.800 kWh. For the total floor area and by calculating all visible thermal zones, the
maximum heating load value is estimated to be over 10 kWh in February,  while the
maximum cooling load value is estimated to be over 23 kWh in July.  As far as the
passive  gains  breakdown  are  taken  into  consideration,  the  highest  losses  are  noted
through the fabric due to conduction and they exceed 80%, while the ventilation losses
account for 10%. The highest gains are linked to internal loads approaching 70%.
Fig.  63  : “Case’s 02” monthly heating and cooling loads for all thermal zones
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Fig.  64  : “Case’s 02” passive gains breakdown for all thermal zones
          The lighting analysis has shown how the installation of the lightshelf has affected
the interior lighting levels and to what extent. As it is presented in fig.32 and 33, the
daylighting levels at 0,70m height of the analysis grid have remained almost the same
with “Case 01”, having an average value of 200-300 lx for the major part of the open
space. Taking also into consideration the electric lights, it is can be observed that the
lightshelf’s redirection properties do not achieve satisfying levels at the deeper front
area, therefore the additional row of lights improves the lighting conditions of the area.
Very high levels close to the curtain wall are again not avoided, hence glare effects still
appear. More analyses diagrams that are linked to “Case 02” can be found in Appendix
2c.
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Fig.  65  : “Case’s 02” lighting analysis presenting the daylighting levels
Fig.  66  : “Case’s 02” lighting analysis presenting the overall lighting levels
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6 Discussion of the Results
6.1 General Remarks
          An energy efficient lighting system of high quality has to take into account many
design parameters so as to achieve the desired visual conditions and reduce the energy
consumption  at  the  same  time.  It  is  clear  that  energy  efficient  lighting  can  be
accomplished  with  various  means  and  methods;  however  proper  concern  from  the
occupants is considered not only a prerequisite but also an accompanying benefit, since
high-quality  and  energy  efficient  lighting  can  improve  their  productivity  and  offer
comfortable  and  creative  work  environment.  Despite  the  fact  that  lighting  energy
efficiency  is  considered  now  an  almost  necessary  parameter  in  the  lighting  design
process, there is lack in integrating and quantifying simultaneously all the aspects that
affect the overall  efficiency of the installation,  including time. The artificial  lighting
systems in the commercial sector mainly include layouts of linear fluorescent lamps. It
is known that features of the office spaces’ environment, such as lighting, temperature,
noise and the presence or absence of windows have a significant effect on the attitude,
health, satisfaction and performance of the users. Nevertheless, the personal needs and
preferences of all occupants working in an open office workplace are rarely covered,
apart from some easy adjustments e.g. the office chair height and computer settings.
          Defining the perfect conditions for a building is a unique process for each project,
depending  on the  orientation,  surroundings  and local  climate;  therefore  it  is  not  as
simple  as  merely  following  rules  of  thumb  in  order  to  reach  the  optimum results.
Misbalancing the relevant parameters could lead to increased energy use to cover the
lighting or cooling loads. Artificial lighting can be a complex subject, especially when
the  visual  comfort,  energy  efficiency  and  performance  have  to  be  covered  in  an
integrated  installation.  Various  lighting  scenarios  for  buildings  have  resulted  from
detailed studies concerning the electricity consumption and energy efficiency. However,
the effort to satisfy also visual comfort increases the complexity,  since it means that
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workplane’s horizontal illuminance is high, discomfort glare is avoided and illuminance
uniformity is taken as granted.
          It has been cited that various kinds of uses and users exist regarding lighting
simulation  data.  New  artificial  lighting  and  daylighting  control  strategies  are  first
modeled  and  then  evaluated,  so  as  to  be  compared  to  conventional  lighting  and
daylighting control methods. New techniques can increase the daylighting potential by
exploiting the offered resources properly, taking into account the local conditions and
the given geometry of the space. Prismatic glazings and mirrored louvers are claimed to
be useful installations for improving the daylight conditions in a room. Their effective
light redirecting properties can offer partial shading protection and almost uninterrupted
view towards outside, in either fixed or moveable configurations.
          This work concerns the examination of an existing commercial building regarding
its energy consumption. In more detail, the case study describes an existing open office
space and presents at least one week’s measurements of the temperature, humidity, solar
radiation, wind velocity, comfort conditions, CO₂ emissions and luminous intensity at
three different  points  in the  space.  Afterwards,  a  simulation  study has  been formed
representing the “Base Case” as the existing case and two more cases “01” and “02”
representing two shadings’ configurations. The comfort conditions, as well as thermal
and lighting analyses have been calculated by software Ecotect Analysis 2011, given the
exact location and proper weather file.
6.2 Arguments
          As aforementioned, numerous parameters such as the horizontal and vertical
levels of illuminance, the proper tone of the lighting, the optical control for glare, the
fixture spacing, controls and daylight integration should be managed in order to satisfy
the desired visual needs and to contribute to energy use reduction. One of the smartest
ways towards energy conservation is to reduce the daily lighting load of a commercial
building. Moreover, daylighting should be exploited the best way possible, since it is
preferred better to artificial lighting by occupants. It can improve the lighting quality in
the space and, also, it has been proven that glare is more easily withstood when coming
from a daylight source than from an artificial equivalent. On the other hand, failing to
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accomplish a desirable balance among design parameters, orientation and local climate
could lead to increased energy use to cover the lighting or cooling needs.
          Generally, it is suggested to first assess impartially the daylighting performance
of the space according to its  physical characteristics  and then to incorporate various
behavioral models.  By nature,  windows cannot increase light’s intensity indoors and
also  they  cannot  offer  shadow  when  needed  e.g.  in  cases  of  overheating  or  glare.
Shadings’ techniques are considered useful basically when high levels of sunshine are
observed in a location throughout the year, creating the need for blocking part of the
sunlight. Therefore, concerning specific techniques, the integration of lightshelves with
partial blinds tilted at 45° is considered a successful measure offering daylight quality
control, visual and thermal comfort,  uniform daylight distribution and reduced glare.
Simulation  studies  have shown that  the integration  of  different  types  of  daylighting
systems can maximize the benefits from natural light, since in this way each technology
maximizes its output when the surrounding conditions are optimal.
          Summarizing, specific arguments were used for guidance during the preparation
of  this  paper.  These  are  the  following.  First  of  all,  in  terms  of  good  health,  light
exposure is essential and, taking into account the fact that people work mostly indoors
nowadays  in  contrast  with their  ancestors,  it  is  important  to  bring daylight  into the
workspaces.  Natural  light  could  lead  to  considerably  high  electricity  savings  and
reduction in the cooling loads due to artificial lighting. Furthermore, office occupants
are  most  of  the  times  too  busy  to  control  the  indoor  lighting  conditions  either  by
permitting daylight to enter and reducing the lighting energy consumed, or by blocking
the undesired daylight and reducing the energy demand for cooling. More precisely, the
occupants’ lowering activity is linked to physical stimuli, while the raising activity is
related  to  psychological  factors  such  as  comfort.  Building  modeling  and  energy
performance  assessment  tools  have  become  valuable  advisors  and  collaborators  for
designers  and researchers.  Concerning  the  standards,  as  recommended  by European
lighting  norm EN  12464-1:2011,  the  major  part  of  office  work  activities  in  office
buildings  should be done under  lighting  conditions  of 300-500lx.  In  side-lit  spaces,
daylight  delivery  systems  such  as  lightshelves  are  broadly  installed;  they  redirect
sunlight and admit diffuse light indoors, however their performance is influenced by the
ceiling’s shape and height and the reflectivity and inclination of the lightshelf. They
constitute the most reliable and effective configuration, while a combination of internal
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and external lightshelves is considered a successful measure for adequate and uniform
daylighting and for limited discomfort glare, especially towards south. They are usually
installed  higher  than  the  eye-level  to  prevent  glare  effects  due  to  their  surfaces’
extensive reflectiveness, while in locations with generally high levels of sunshine they
are  also  used  as  shadings  at  southern  openings,  even though this  is  not  their  main
purpose. In addition, inverted metallic venetian blinds, meaning blinds with the concave
surface facing up and with high reflectiveness, can increase the indoor natural lighting
levels; however they can also lead to glare effects hence they should be installed from
two (2)  meters  height  and above.  Moreover,  a  divided window in  which  users  can
manage the lower “vision” part offers better daylighting conditions and higher energy
savings than the case of a window that is uniformly adjusted. It has been noted that for
all cases, the effectiveness of the systems decreases with distance, while it is negligible
at 6-7m from the window. Last but not least, lighting and shading systems should work
together in a complementary way in order to create a comfortable and energy efficient
visual environment.
6.3 Results, Comparison and Findings
          As far as the case study’s results are concerned, the Predicted Mean Vote (PMV)
did not show important variations among the three cases that were examined. The initial
value of 2,5+ slightly decreased to 2,4+ for the two design proposals, meaning that the
comfort conditions’ sensation continued to be “warm” to “hot”. Concerning the thermal
analyses’ results, the common conclusion among all cases is that the maximum heating
load value has been noted in February, while the maximum cooling load value has been
marked in July,  having the following values: 3,3 kWh and 27,4 kWh for the “Base
Case”, 16,2 kWh and 29,8 kWh for “Case 01”, and 10,4 kWh and 23,2 kWh for “Case
02” respectively.  The “Base  Case”  has  total  heating  and  cooling  load  21.578 kWh
throughout the year and the maximum monthly load is 4.098 kWh in July. The highest
losses occur through the building’s fabric due to conduction reaching 72,9%, the second
highest are inter-zonal losses calculated 18,6%, while the internal gains are the highest
exceeding 81,1%. “Case 01” has total heating and cooling load 15.151 kWh throughout
the year and the maximum monthly load is 3.706 kWh in July. The highest losses occur
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again through the fabric reaching 80,8%, the inter-zonal losses account for 12,8%, while
the internal gains are again the highest exceeding 67,6%. “Case 02” has total heating
and cooling load 10.862 kWh throughout the year and the maximum monthly load is
2.815 kWh in July. The highest losses are noted through the fabric reaching 81,6%, the
ventilation  losses  account  for  10%,  while  the  internal  gains  are  again  the  highest
exceeding 69,9%. Regarding the lighting analyses’ results, the daylighting levels that
were calculated at the front area of the office space, at 1-2m distance from the curtain
wall are 1000+ lx, 700-1000+ lx and 600-1000+lx respectively for the three cases. The
daylighting  levels  deeper  in  space  were  more  homogenous,  with  values  ranging  as
follows: “Base Case” 100-200 lx, “Case 01” 200-300 lx and “Case 02” 200-300 lx.
Finally,  the overall  lighting levels as calculated by Ecotect Analysis ranged between
600-700 lx, 600-700 lx and 300-500 lx respectively for the three cases, for the major
part of the open office space.
          The  results  reported  in  the  previous  paragraph  showed  that,  taking  into
consideration  the  analysis  grid’s  height  of  0,70m,  the  comfort  conditions  slightly
fluctuated around PMV 2,4, which means that the feeling in the space remained “warm”
to  “hot”  through  the  different  tests.  The  proposed  shadings  configurations  and
alterations improved the comfort conditions at a low extent. Nevertheless, a decrease in
the total heating and cooling loads has been recorded; gradually an initial reduction of
more than 6.000 kWh has been achieved in “Case 01”, while an additional more than
4.000 kWh reduction has been achieved in “Case 02”. It is obvious that the installation
of  the  proposed  lightshelf  along  with  the  suggestions  for  the  lighting  system  and
openings’ materials  could offer an overall  10.700 kWh reduction in the heating and
cooling loads. This is particularly interesting because without the installation of any
automations and control systems, the required energy loads could be reduced in half
only through passive methods. The passive gains breakdown presented the losses and
gains that were recorded in each category; it is clear that the losses tend to follow the
same trend in all  three cases, registering their  maximum values in “fabric” category
through conduction, while the gains also follow the same pattern, having the maximum
values through “inter-zonal” adjacencies. Moreover, daylighting illuminance values on
the desk level were below the minimum values recommended for this visual task by EN
12464-1 and T.O.T.E.E. 20701-1/2010 (500lx) in all occasions, thus the integration with
artificial light is necessary. It should be noted that at 1-2m distance from the façade, the
high daylight illuminance levels slightly decreased, however they generally remained
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high, hence glare effects could appear in all occasions. At a greater distance from the
curtain wall, deeper and for the major part of the open office space, the overall lighting
levels were sufficient for the “Base Case”, around 600-700lx, however since the given
artificial lights’ layout is dense and uniform, there is an abundance of light even in areas
where there is no need for such high levels, leading to energy waste. Therefore, “Case’s
01” layout of the same artificial lights led to the equally sufficient overall lighting levels
of 600-700 lx, however with more sparse highly lit areas. In “Case 02” the use of a
different type  of artificial  lights led to more uniform lighting conditions  and energy
savings, however the overall lighting levels ranged between 300-500 lx, which could be
insufficient for particular tasks in the space.
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7 Conclusions
          This chapter will review and summarize the dissertation study, will address the
methodology that was followed and discuss the findings of the research.
          Lighting  systems in the commercial  sector  make use of 19% of the total
electricity that is generated and 30% of the overall energy consumed in office buildings.
Considering the fact that the promotion of energy saving methods is accelerating, taking
also economic issues into account, systems for the lighting control and the exploitation
of daylight, as well as new artificial light sources, have appeared. It is clear that making
steps towards this direction can be achieved with even quite easy to apply methods, as
long  as  proper  design  is  implemented  and  the  occupants’  concern  agrees  with  the
argument that high-quality and energy efficient lighting can improve productivity and
offer  a  comfortable  and creative  work  environment.  Multiple  benefits  appear  when
daylight is exploited at most and the use of electric lighting is reduced when not needed.
Taking  as  granted  that  retrofitting  in  existing  constructions  is  less  flexible  than
designing a brand new office building, the goal is to improve their energy performance
by feasible and cost-effective means. Considering the fact that a large amount of office
building stock is dated at the recent 90s and the majority of them lack to exploit or deal
properly with daylight, this paper presents the case study of a typical office building in
Thessaloniki, Greece.
          As  far  as  the  methodology  followed  is  concerned,  the  existing  indoor
environmental quality is evaluated by means of measuring instruments and simulation
software. Generally, it is advised to first assess impartially the daylighting performance
of the space according to its  physical characteristics  and then to incorporate various
systems. Values from two luxmeters, two temperature/ relative humidity loggers and a
comfort meter station have been recorded and analyzed and the measurements’ results
determined the existing indoor conditions of the office space. Moreover, by utilizing 3d
modeling  (ArchiCAD,  Rhinoceros)  and simulation  (Ecotect  Analysis)  software,  two
shadings’ design proposals were examined, with respect to potential energy savings.
          The aforementioned research methodology led to a general statement; existing
office buildings that have curtain wall façades facing south could achieve high energy
savings by simple  installations  of shading systems.  In other words,  for the northern
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hemisphere  and  for  locations  with  an  abundance  of  daylight,  existing  commercial
buildings could reduce remarkably the energy waste due to excessive artificial lights’
use, by controlling daylight and achieving both optical and thermal comfort.
          Respecting the in-situ measurements, the comfort conditions’ charts showed that
the abundance of daylight during early afternoon hours leads to high PMV values, while
the total building’s discharge of the thermal gains throughout the preceding day leads to
low PMV values during early morning. “Base Case’s” thermal analysis resulted in high
cooling loads, especially during summer months,  while the lighting analysis  showed
that the interior area adjacent to the curtain wall reaches very high daylighting levels of
1000lx, the offset area at 1-2m distance from the façade has sufficient values for office
work and the deeper than 2m distance areas have values of 100-200lx, which are not
sufficient, therefore there are plenty and densely placed electric lights to increase the
overall lighting levels. In “Case 01” the number of artificial light sources was cut down
and  a  shading  system with  exterior  curved  horizontal  louvers  was  installed  on  the
curtain wall façade. “Case 02” includes the installation of a large lightshelf  with re-
directional properties. A remarkable reduction of the cooling loads has been achieved,
i.e. 6.000 kWh in the first case and 11.000 kWh in the second case.
          The comfort conditions’ charts provided by the measuring instruments follow the
expected trend, with the highest and lowest records linked to the sun’s position and
daylighting;  high  PMV  results  lead  to  “warm”  sensation”,  while  low  PMV  results
indicate  almost  “neutral”  sensation.  The  simulated  “Base  Case’s”  thermal  analysis
results highlight the need for cooling loads reduction through the balancing of losses
and gains. “Case 02” has been initially thought of as a combination of both externally
placed horizontal louvers and a larger lightshelf of specific intersection. However, the
co-integration of the two techniques did not lead to higher energy savings as expected;
on the contrary, the installation of only one fixed passive system was a more efficient
solution. Taking  into  consideration  the  electric  lights,  it  was  observed  that  the
lightshelf’s redirection properties did not achieve satisfying levels at the deeper front
area; hence, the additional row of lights improved the lighting conditions of the area.
Nevertheless, very high daylight levels close to the curtain wall causing glare effects
were not avoided. A particularly interesting fact is that without the installation of any
automation and control systems, the required energy loads could be reduced in half only
with passive methods.
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          Reviewing the case study’s results, it is obvious that shadings’ configurations can
reduce contrast between the front and the back areas of a room, however sacrificing at
the  same time  part  of  the  illuminance  levels,  while  they  also lack  to  prevent  glare
effects.  Future  work would  examine  the  energy efficiency of  more  complex  façade
design proposals, in order to result in solutions that would minimize undesired effects
such  as  glare,  assessing  as  a  total  a  “mixed-mode”  operation.  Moreover,  lighting
management is an essential, easy and adaptable measure that can provide up to 55% of
savings  on  lighting  consumption  in  commercial  buildings.  Automated  and  time
switching controls that make use of occupancy sensors, as well as photoelectric control
of  lighting,  could  be  integrated  so  as  to  contribute  more  to  the  energy  savings.
Furthermore, aiming at the balance of numerous conflicting targets, a lighting control
strategy adjusted to the users’ habits could be proposed, so as to test advanced controls
with extra features, such as the ability to automatically “learn” user preferences. The
combination  of  active  systems,  e.g.  automatically  dimmed  artificial  lighting,  and
passive systems, such as lightshelves integrated with the façade, would be an interesting
subject for the assessment of whether a specific configuration succeeds in setting both
qualitatively  and  quantitatively  comfort  conditions  for  lighting.  Nevertheless,  the
occupants’ comfort conditions and preferences should not be sacrificed in order to reach
the desired levels of energy gains.
          This study, although it is based on standard technology, it refers to a broad
number geographic locations and it has set out the principles of assessing the lighting
and comfort conditions of an existing office space and examining the extend of energy
savings that could be achieved by integrating shading systems on the façade. Work of
this  nature  is  essential  to  enable  not  only  lighting  practitioners,  but  also  architects,
investors and occupants to realize the exciting possibilities of daylight exploitation.
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Appendix 1
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Fig.  34: The record of Temp/RH logger no.1 (logging period 4-20/11/2015)
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Fig.  35: The record of Temp/RH logger no.2 (logging period 4-20/11/2015)
Fig.  36: Abstract from the record of Temp/RH logger no.1 (logging period 4-20/11/2015)
Fig.  37: Abstract from the record of Temp/RH logger no.2 (logging period 4-20/11/2015)
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Fig.  38: The recordings of the two Testo Luxmeters (logging day 5/11/2015)
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Fig.  39: Abstract from Testo Comfort meter’s velocity, temperature, relative humidity and CO₂
results (logging period 11-18/11/2015)
Fig.  40: Abstract from Testo Comfort meter’s PMV and PPD calculation results
(logging period 18-20/11/2015)
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Fig.  41: Testo Comfort meter’s PMV and PPD exported report (logging period 18-20/11/2015)
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Appendix 2a
Fig.  42: “Base Case’s” monthly degree days for all thermal zones
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Fig.  43: “Base Case’s” lighting analysis daylight factor results
Fig.  44: “Base Case’s” lighting analysis electric lighting levels
Fig.  45: “Base Case’s” lighting analysis illumination vector
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Appendix 2b
Fig.  46: “Case’s 01” thermal comfort results presenting mean radiant temperature
Fig.  47: “Case’s 01” thermal comfort results presenting PPD
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Fig.  47: “Case’s 01” thermal analysis results presenting monthly degree days
Fig.  48: “Case’s 01” lighting analysis results presenting daylight factor
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Fig.  49: “Case’s 01” lighting analysis results presenting electric lighting levels
Fig.  50: “Case’s 01” lighting analysis results presenting illumination vector
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Appendix 2c
Fig.  51: “Case’s 02” thermal comfort analysis results presenting PPD
Fig.  52: “Case’s 02” thermal analysis results presenting monthly degree days
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Fig.  53: “Case’s 02” lighting analysis results presenting daylight factor
Fig.  54: “Case’s 02” lighting analysis results presenting electric lighting levels
Fig.  55: “Case’s 02” lighting analysis results presenting illumination vector
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